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ABSTRACT 
This thesis describes an in vivo study of the passive properties of putative rat 
motoneurones, the action potential attenuation that occurs in the dendrites of these cells and 
the voltage dependent ionic channels that contribute to this attenuation. 
Passive properties of putative motoneurones were determined by fitting modelled 
responses to the experimental voltage response to a brief current stimulus. This provided 
information about the passive properties of motoneurones. It was found that the somatic 
1 
response of these cells to small voltage deviations near resting potential was linear. Fitting 
of small current pulse voltage transients with a computer model allowed the determination 
of the passive membrane properties. For four cells, the residuals between the experimental 
and fitted response suggested that homogeneous membrane properties could more 
accurately describe the subthreshold responses of these cells. These cells had 
2 2 
Rm=5.34+0.91KQ.cm , Cm=2.35+0.47µF/cm and Ri=86.50+21.83Q.cm. Models with 
these membrane properties matched the cells' experimentally measured membrane time 
; constant and input resistance with high accuracy. The average membrane time constant 
('tm) of these models was 12.48+2.90ms and the average input resistance was 
84.00+ 18.96MQ. The passive membrane properties were used to calculate the average 
electrotonic length of the dendrites to their terminations and the value obtained was 
0.78+0.27A. This estimate was biased by dendrites that were removed during the slicing 
procedure. Calculation of the average electrotonic length without inclusion of cut dendrites 
gave a value of 0.85+0.14A. Overall, these results suggest that the passive description of 
the motoneurone provided here is not greatly different to that provided previously for cat 
motoneurones with DC signals (Clements & Redman 1989, Fleshman et al. 1988, Ulrich et 
al. 1994). However, the higher value of capacitance reported here indicates that rapid 
voltage signals will be attenuated more heavily than was previously thought for these cells. 
Experiments were also performed which explored the contribution of the A-type 
potassium conductance to action potential attenuation in the dendrites of motoneurones . 
This involved the use of dendritic recordings to explore action potential attenuation in the 
dendrites of spinal motoneurones. Dendritic electrodes could not be placed further from the 
soma than about 50µm. The average distance at which recordings were made was 37+8µm . 
The average action potential attenuation at this distance was 10.7+6.2%. This is an average 
of 8.1 m V of attenuation for a 74m V action potential at the soma. Action potentials were 
always found to peak at the soma first followed by the dendrite indicating that the site of 
action potential generation is close to the soma. The average temporal separation between 
the action potential peaks was 54.4±45.6µs for an electrode separation of 37+8µm giving a 
IV 
conduction velocity of 0.68m/s. In some cases, no temporal separation of the action 
potentials was observed. Blockade of the A-current produced a 4m V increase in the 
amplitude of the action potential indicating that the A-current contributes to the action 
potential amplitude at the soma. Measurement of the attenuation using soma-dendritic 
recordings did not reveal any differences in the amount of attenuation that occurred under 
control conditions and under A-current blockade. An attempt was made to determine if 
blocking the dendritic A-current intracellularly with 4-AP could reveal a difference in the 
channel density between the soma and dendrites. However, because the A-current blocker 
4-AP does not cross the membrane quickly enough, this experiment was not successful. 
A theoretical exploration of the effect of dendritic voltage-dependent conductances 
on the action potential amplitude in the dendrites was also made. It was possible to 
reproduce the recorded action potential waveform in the model by using contrived 
conductances and a simplified axonal morphology. This also produced a voltage-dependent 
Na+ channel which qualitatively mimicked the amplitude and time-course of currents 
recorded in rat motoneurones by Safronov and Vogel ( 1995). Modelling of the influence of 
dendritic Na+ and A-currents on action potential amplitude revealed that Na+ currents 
contribute most to action potential amplitude in the distal dendrites, while A-currents were 
more important at proximal locations. 
V 
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Chapter One 
General Introduction 
Axons transmit nerve impulses without decrement, often over large distances. To 
do this, they have a high density of sodium channels, and repeat their geometrical and 
electrical properties along their length. In contrast to the axon, dendrites are short, taper 
and have a relatively low density of voltage-dependent conductances compared with the 
axon (Black et al. 1990, Stuart & Sakmann 1994, Magee & Johnston 1995a, 
Bischofberger & Jonas 1997, Safronov et al. 1997, Martina et al. 2000, Williams & 
Stuart 2000a). Usually it is the dendrites that contain most of the membrane surface area 
of a neurone and it is here that the majority of synaptic contacts are made with the axon 
terminals of presynaptic cells. Therefore, synaptic potentials must be transmitted through 
the dendrites before they finally sum to produce action potentials at the axon hillock. The 
way in which synaptic potentials are generated and sum in the dendrites is important for 
determining the membrane potential that occurs at the site of action potential initiation and 
this in tum determines the temporal firing patterns of the neurone. 
The dendritic properties important for synaptic processing can be described as 
either passive or active. This distinction refers to the voltage dependence of the dendritic 
membrane resistance. If the membrane resistance does not vary with membrane potential 
then the dendrites are considered passive. If the membrane resistance varies with 
membrane potential, as happens when voltage-dependent ion channels are present, then the 
dendritic properties are described as active. The passive properties of a neurone are fixed 
by its -geometry and the physical properties of its components, the membrane, cytoplasm 
and extracellular fluid. If voltage-dependent ion channels are present in the membrane 
then the active properties imparted by these channels will be overlaid on the passive 
membrane properties. Neurones with active dendrites can also behave passively when 
membrane potential changes are too small or not in the appropriate voltage range to cause 
changes in the activation state of dendritic voltage-dependent ion channels. This chapter 
gives a historical perspective and brief description of the scientific study of passive and 
active properties of neuronal dendrites. 
Historical Perspective 
A section of dendrite is essentially a cylinder of cytoplasm surrounded by a tube of 
membrane. Electrically, the cytoplasm acts as a simple resistance or core conductor while 
the membrane has both resistance due to leak channels and capacitance due to the charge 
separation across the membrane and its dielectric properties. This structure is recognised 
as an electrical cable and the transfer of applied voltage or current along this structure is 
defined by cable theory. 
1 
The designation 'cable theory' comes from the derivation and application of the 
cable equation for calculations essential to the first transatlantic telegraph cable around 
1855 by Professor William Thompson, later known as Lord Kelvin ( 1855, 1856). 
Thompson had used the mathematical methods pioneered by Fourier and he knew that his 
one dimensional cable equation was essentially the same partial differential equation that 
Fourier had used to describe the conduction of heat in a wire or ring. In the 1870' s, 
Hermann ( 1879) and Weber ( 1873) were tackling the problem of electric current flow in 
and around an axon. They came up with the 'core conductor theory' by deriving and 
applying a different partial differential equation that accounted for three-dimensional 
space in a cylindrical coordinate system. Weber's solutions made explicit the non-
uniformity of potential and current density in regions near an electrode. 
Weber himself pointed out that, with increasing distance from the electrode, the 
potential within cylindrical cross sections of an axon becomes more uniform and the 
potential approaches an exponential decrement with distance along the core conductor. 
Thus for locations not too close to an electrode, the steady state results of the three-
dimensional core conductor theory approach the simpler results of one dimensional cable 
theory. Later, around 1900, Hermann and others recognised that when this core 
conductor equation was reduced to one spatial dimension, it became equivalent to 
Thompson's cable equation. The conclusion from this was that the one dimensional cable 
theory provided an excellent approximation of the behaviour of cables for most purposes, 
where cable lengths are many times their diameter. 
Experimental testing with single unmyelinated axon preparations by several groups 
in the 1930's and 1940's (e.g. Hodgkin & Rushton 1946) provided important evidence 
that confirmed the relevance of cable theory to nerve axons. However the application of 
cable theory to complex dendritic neurones only began in the late 1950' s when it became 
necessary to interpret experimental data obtained from individual motoneurones by means 
of intracellular microelectrodes located in the soma. The application of cable theory to the 
dendrites of motoneurones was pioneered by Wilfred Rall in a series of seminal papers 
from 1957 to 1977 (Rall 1957, 1959, 1960, 1962a, 1962b, 1964, 1967, 1969a, 1969b, 
1970a, 1970b, 1977). 
The important parameters that could be calculated with Rall' s equations were the 
electrical length of the neurone' s dendritic tree, the membrane time constant and the ratio 
of the somatic membrane conductance to the dendritic input conductance. These three 
parameters gave some idea of the steady state attenuation and frequency filtering of 
synaptic potentials that would occur along the dendritic tree. Estimates were obtained 
from the whole-cell input resistance combined with exponential peeling (Rall 1969a). This 
method relies on the fact that the voltage decay following a current pulse can be expressed 
-t/ -t/ -t/ -t/ 
as an infinite series of exponentials: V (t) = C0e 't0 + C1e 't , + C2e 't, + Cne 't,. + ... 
2 
Each of the time constants 't0, 't1, 't2 and 'tn are successively shorter and 't0 is equal 
to the membrane time constant 'tm. Given an experimental current clamp voltage transient, 
one can recover the longest time constant 'tm by fitting a straight line to the linear portion 
of a semi-logarithmic plot of the transient. With low noise recordings, it is possible to 
separate two additional time constants ('t1 and 'ti) by successive peeling of linear portions 
of the transient (see figure 1. 1). The ratio of time constants can then be used to estimate 
the average electrotonic length of the neurone in question using the equations derived by 
Rall (1969a). 
Wilfred Rall' s papers developed the application of cable theory to motoneurone 
dendritic trees by assuming that the entire dendritic tree could be reduced to a single 
equivalent uniform cylinder so that the simple cable equation could be applied to 
determine the membrane time constant and electrical length. For the equivalent uniform 
cylinder constraint to be valid, two important assumptions were made about the 
motoneurone's dendritic tree. 
The first assumption was that the surface to volume ratio of a dendrites branches 
must be the same as that of the parent dendrite (see figure 1.2). Mathematically this 
means that the diameters of the daughter branches of a dendrite raised to the 312 power 
would sum to be equal to the 3/2 power of the diameter of the parent dendrite. The second 
assumption for the Rall equivalent cylinder to be valid was that all dendritic terminations 
must occur at the same electrical length from the soma. 
Although evidence now suggests that these assumptions are invalid for both 
motoneurones and most other neurones (e.g. Barrett & Crill 1974, Clements & Redman 
1989, Nitzan et al. 1990, Thurbon et al. 1994), valuable functional insights and guidance 
in the design of experiments followed from cable theory results using such models and 
from studies that explored the effects of different synaptic input distributions over the 
dendritic tree of neurones (e.g. Lux et al. 1970, Nelson & Lux 1970, Brown et al. 1981a, 
Brown et al. 1981b, Durand et al. 1983, Turner 1984, Ulfuake & Kellerth 1984, 
Fleshman et al. 1988, Coleman & Miller 1989, Nitzan et al.1990, Jackson 1992, Spruston 
& Johnston 1992, Staley et al. 1992, Burke et al. 1994). In dendritic trees where the 
branches do not conform to the 3/2 power law and the dendritic terminations are not all at 
the same electrotonic length, the dendritic tree can be collapsed into an equivalent non-
uniform cylinder (Fleshman et al. 1988, Clements & Redman 1989). The concept of 
using an equivalent non-uniform cylinder to represent the dendritic tree of a neurone is 
valid and is a useful way to reduce dendritic complexity. It provides a simple description 
of the passive electrotonic structure of the cell and can be used to model the passive 
electrical responses that would be recorded at the soma during somatic voltage and current 
manipulations. 
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Figure 1.1. A: The exponential peeling method of Rall requires the analysis of voltage 
decay following the application of a current stimulus, in this case a lms hyperpolarising 
current pulse (voltage response is shown inverted). B: By making a semi-logarithmic 
plot of the transient, the linear portion of the transient can be fitted with a straight line and 
the first time constant, 't0, can be determined. By subtracting away the exponential defined 
by 't0, a second trace can be made and a second line fitted to define a second time constant, 
't1• Rall (1969a) showed that when a voltage change of this kind occurs at one end of an 
equivalent cylinder with sealed ends, the electrotonic length of that cylinder, L, can be 
estimated (Lpeei) from the ratio of 't0 and 't1 using the formula: 
1 
Lpeel = JC ~J:to/T, 1)- l 
(Figure from Fleshman et al. 1988) 
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Figure 1.2. A dendritic tree that can be reduced to an equivalent uniform diameter 
cylinder must conform to several mathematical assumptions. First, the diameter of the 
parent branch raised to the 3/2 power must be equal to the sum of the daughter branch 
diameters raised to the 3/2 power. Second, all dendritic terminations must occur at the 
same electrotonic distance from the soma. The dashed lines indicate points of equal 
electrotonic distance in both the dendritic tree and the equivalent cylinder. Steady state 
electrotonic distance, A, is defined by the specific membrane resistivity (~), specific 
cytoplasmic resistivity (R), and the diameter of the sections ( d), by the equation: 
"-=)Rm/~)(d/4) 
(Figure from Rall 1964) 
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Obviously, the best way to determine the electrotonic properties of a cell is to 
measure its morphology and electrical properties and then combine these into an 
electrotonic model of the cell. The first attempt to reconcile the morphology of a neurone 
with electrical measurements in the same neurone was by Lux et al. ( 1970) who used 
radiolabelled glycine injected into a cat spinal motoneurone. The tissue was then sliced 
very thinly and each slice was left on a photographic plate to expose for many months. 
Exponential peeling in combination with the equivalent cylinder model of the 
motoneurone derived from the measured morphology, allowed the calculation of the 
specific membrane resistivity and the electrotonic length of these cells. Measurements of 
electrotonic length derived from the morphological model combined with the estimates of 
Rn, gave values of electrotonic length (1.5A) that were in agreement with estimates derived 
from the peeling process. 
The one dimensional cable theory describes current flow in a continuous passive 
cable using partial differential equations with the appropriate boundary conditions and can 
be applied to an idealised class of dendritic trees that are equivalent to unbranched 
cylinders. Mathematical solutions of the steady state response of such cables to various 
current and voltage conditions exist but become excessively complex when tapering, 
branching, synapses, active currents and non-steady state conditions are considered. As 
pointed out by Rall (1964-) these complexities may be dealt with by using a compartmental 
model of the neurone. 
Compartmental Models of Neurones 
A compartmental model breaks the dendritic tree of a neurone into small 
compartments whose responses can be dealt with separately. The advantage of a 
compartmental model is that it places no restrictions on the properties of the 
compartments except that they be isopotential. Compartments can represent any part of a 
neurone and may be passive or active. They may also contain a variety of synaptic inputs. 
Also complex dendritic and axonal branching structures, tapering and other morphological 
irregularities may be readily accounted for in the connection of the compartments. 
In principle, a compartmental model replaces the partial differential equations of the 
cable theory with a series of partial difference equations. If the dendrites of a neurone are 
divided into sufficiently small compartments then only small errors will occur by 
assuming that each compartment is isopotential and spatially uniform in its electrical 
properties. Any non-uniformity that occurs is accounted for by numerous compartments, 
each with different properties. 
In a section of isopotential dendrite that has a membrane resistance that is passive, 
the resting ionic conductances of the membrane can be represented by a single resistance 
(rm). The dielectric properties of the lipid bilayer are represented by a capacitance (cm) 
8 
,, 
i 
I• 
which is in parallel with the membrane resistance. The resting potential is taken to be 
zero since only changes in the membrane potential are important for the calculations. The 
cytoplasm connects the compartments together and is represented by a resistance (r) 
connecting the compartments. It is assumed that the resistance of the extracellular 
medium is very low relative tori and therefore isopotential, so the extracellular medium is 
taken as a zero voltage reference. 
To build a compartmental model that faithfully represents the details of neuronal 
morphology, the three-dimensional structure of the cell must be measured. This involves 
staining a single cell and recording its morphology (e.g. Lux et al. 1970, Barrett & Crill 
1974, Durand et al. 1983, Turner & Schwartzkroin 1983, Turner 1984, Shelton 1985, 
Fleshman et al. 1988, Clements & Redman 1989, Nitzan et al. 1990, Burke et al. 1994, 
Major et al. 1994, Rapp et al. 1994, Thurbon et al. 1994, Carnevale et al. 1997, Reyes et 
al. 1998). The dimensions of the soma and the lengths and diameters of all the dendritic 
and axonal branches are measured. The number of compartments necessary to represent 
an entire neurone depends on the morphology of the cell and on computational 
considerations. In the case of complicated dendritic trees such as those of pyramidal cells 
(Turner & Schwartzkroin 1983, Major et al. 1994), spinal a-motoneurones (Clements & 
Redman 1989, Ulrich et al. 1994) and cerebellar Purkinje cells (Shelton 1985, Rapp et al. 
1994), hundreds or even thousands of anatomical compartments may be needed to 
represent the morphology accurately. For less extensively branched cells, such as vagal 
motoneurones and hippocampal intemeurones, a few dozen compartments may be 
sufficient (Nitzan et al. 1990, Thurbon et al. 1994). There are tradeoffs among the 
number of compartments used in a model, the amount of error one can tolerate and the 
amount of computer memory and time required to do the analysis. 
Figure 1.3 shows an example of the process of decomposing a stained neurone into 
geometrical subunits. Figure 1.3A shows a reconstruction of a small dendrite in which 
diameters have been resolved and dendritic lengths are known and have been corrected for 
the depth of each section into the tissue. Using these measurements, nine segments were 
needed to represent this dendrite and one more was used for the soma. The 
compartmental representation of this structure by cylinders is shown in figure 1.3B. The 
corresponding electrical circuit that represents this anatomical segmentation is given in 
figure 1.3C. 
Figure 1.3 shows schematically how neuronal structures are transformed, and 
represented as compartmental models, but the values of the electrical elements in figure 
l .3C are not yet defined. For this purpose we assume that the cell is in a resting state, that 
the membrane conductance is passive, and that the specific electrical properties of the 
membrane and cytoplasm are identical everywhere in the cell. If the values of specific 
membrane resistance (~, KQ.cm2), specific membrane capacitance (Cm, µF/cm2) and 
specific cytoplasmic resistivity (~, Q.cm) are known, it is possible to calculate the values 
9 
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Figure 1.3. The process of converting a stained dendrite into a compartmental model. A: 
A stained dendrite and its origin at the soma. It can be divided into small sections and 
represented by cylinders of the same geometry as shown in B. These form the basis of 
the compartments in the compartmental model. C: This is the equivalent circuit, or 
compartmental model, of the dendrite shown in A. Each segment is represented by an RC 
circuit and is joined to other compartments by resistive links representing the cytoplasm. 
The values of each component in this circuit are calculated from the geometry of each 
segment and the values of specific membrane resistance (~), specific membrane 
capacitance (Cm) and specific cytoplasmic resistivity (R). 
(Figure from Segev et al. 1989) 
11 
of the circuit components (denoted as rm, cm and r) for each compartment in the model 
from the surface area, length and cross sectional area of each segment. 
To represent the non-isopotentiality of the system adequately, the electrical length of 
the compartments should not be too long. Comparisons of responses of compartmental 
models with the responses obtained from analytical results for the same models (Segev et 
al. 1985) led to suggest that as a rule of thumb, compartments should be shorter than 0.2 
length constants, although 0.05 or less is commonly used. 
Early attempts to use compartmental models matched simple electrophy~iological 
measurements such as input resistance and decay time constant (e.g. Lux et al. 1970, 
Barrett & Crill 1974). This made calculations simple, allowing electrotonic parameters to 
be determined within a reasonable period of time. 
With the appearance of more powerful computers, further refinement of the study 
of dendritic cable properties was achieved using computer models. In this technique, 
detailed electrical models of the cell were made by using the cell's reconstructed 
morphology as the basis for the model and attempts were then made to match the 
response of the model to the experimental response. The first attempt to do this was by 
Barrett and Crill (1974) who used the cable equations to model dendritic sections and then 
attempted to match the modelled and experimental input resistances. 
In 1989, Clements and Redman produced a procedure by which the modelled and 
experimental data could be fitted using an optimisation procedure. This essentially 
searched for values of the cable properties of the model (~, Ri and Cm) which could 
provide the best match to the experimental data. Once morphological measurements are 
entered into the computer, new values of~' Cm and~ can be applied and used to make a 
new compartmental model. Using this method, the electrical behaviour of the model cell 
to the experimental stimuli is calculated and ~, Cm and ~ are altered until the 
experimental and calculated transients match. A search is made for those combinations of 
~' Cm and ~ that minimise the error between the experimental and theoretical transients. 
The values that give the best fit between transients may be considered good estimates of 
the specific electrical properties. 
The optimisation method of Clements and Redman was rapidly accepted as the 
most effective way to determine cable parameters and the technique was then applied to 
various types of neurones (e.g. Clements & Redman 1989, Nitzan et al. 1990, Burke et al. 
1994, Major et al. 1994, Rapp et al. 1994, Thurbon et al. 1994, Ulrich et al. 1994, 
Carnevale et al. 1997). Early work using the optimisation technique allowed a more 
detailed investigation of the passive properties of neuronal dendrites. Initially, little was 
known about how accurate the derived parameters were and how unique was the 
combination of parameters that provided the best fit to the experimental data. The 
problems of compartmental modelling are dealt with briefly here. 
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Problems with Compartmental Modelling I: Electrophysiology. 
Early attempts at compartmental modelling made use of sharp microelectrodes. For 
a long time it was known that the soma membrane resistivity of motoneurones was lower 
than the dendritic membrane resistivity (Iansek & Redman 1973) but evidence that this 
was due to penetration of the cell with a microelectrode was not obtained until Staley et al. 
( 1992) published their work on the comparison of microelectrode and whole-cell 
recordings. Their work indicated that a considerable somatic conductance was introduced 
when using sharp electrodes and this in tum activated an ion channel whose conductance 
reversed near the resting potential (around -75m V). The suggestion was that penetrating a 
cell with a microelectrode caused a hole to be formed around the penetration point that 
allowed Ca2+ into the cell and cause an activation of the Ca
2
+ dependent K+ channel. It has 
been suggested that the hole formed around the microelectrode is a non-specific 
conductance simply because it is a hole through which all ions can pass equally well. It 
would be expected from ionic concentrations and membrane potential that the main ions 
that conduct charge through the somatic leak would be calcium, sodium, potassium and 
chloride. 
Other work by Nitzan et al. (1990), Pongracz et al. (1991), Spruston and Johnston 
(1992), Burke et al. (1994) and Thurbon et al. (1994) has also suggested that there is a 
large leak around the point of penetration of the microelectrode. Thurbon et al. (1994) 
used whole-cell recordings from CAI intemeurones and compartmental modelling to 
determine the passive properties of these cells. For those neurones in which a holding 
current was necessary to maintain membrane potential (usually indicative of electrode 
damage) there was less sensitivity of the fitting procedure to the upper limit of Rn than 
there was for neurones that did not require a holding current. Therefore, cells with a large 
electrode leak could have a wide range of optimal ~ values, while cells in which the leak 
was small had optimal values of ~ that were lower and fell within a narrow range. 
Thurbon et al. (1994) overcame this problem by using the method adopted by Clements 
and Redman (1989). They selected a lower value of Rn for their model such that it gave a 
20% worse fit than the optimal value of I\,,. In this way, a lower limit for the optimal value 
of I\,, could be determined. When using this method it was found that cells with low leak 
showed little difference between the values of I\,, obtained for the optimal fit and the 20% 
worse fit, while leaky cells had values of I\,, which differed greatly between the optimal 
and 20% worse fit. This conclusively showed that when using compartmental models to 
determine the electrotonic parameters of cells in which there is a large leak conductance, 
I\,, would be overestimated. 
The finding that electrode leak could affect the quality of the derived parameters was 
important. It meant that earlier studies using microelectrodes and compartmental models 
(e.g. Fleshman et al. 1988, Clements & Redman 1989) had overestimated I\,,. 
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Furthermore, studies that had used microelectrodes but had not included a leak in their 
model tended to have unusually high values of membrane capacitance, at least by present 
standards and this is now known to be caused by omitting the leak from the 
compartmental model (Durand et al. 1983, Fleshman et al. 1988, Burke et al. 1994, 
Thurbon et al. 1994). Estimates of the true value of the somatic shunt conductance would 
require a quantitative adaptation of the method of Svirskis et al. ( 1997) in which an 
electric field is applied across the preparation to induce a current transient across the shunt 
conductance. There has not yet been a study of membrane properties in which such a 
method has been employed. It may also be possible to determine the shunt conductance 
by placing multiple electrodes on a cell and using a compartmental model to determine the 
shunt. 
Whole-cell recording has its own problems as well. A study by Spruston and 
Johnston (1992) used both whole-cell and perforated patch-clamp recording to examine 
the cable properties of hippocampal neurones. Their work showed that whole-cell 
recordings removed the activity of the voltage-dependent mixed cationic conductance (lh) 
in these cells, probably because of loss of an intracellular messenger through dilution of 
the cell contents with the electrode solution. They also showed that when the non-specific 
K+ channel blocker Cs+ was included in the bath solution, not only was the voltage-
dependent conductance eliminated but also the membrane properties, notably the 
membrane time constant and input resistance, were increased. Several workers have used 
Cs+ to block voltage-dependent K+ and mixed cationic conductances in an attempt to 
linearise highly non-linear membrane responses so that they may examine the passive 
membrane properties of the cell. However, Cs+ also blocks the resting K+ leak 
conductance (Spruston & Johnston 1992) and therefore changes the membrane resistivity 
(~). Under such conditions, it is not possible to make reasonable estimates of specific 
membrane resistivity and studies in which Cs+ has been employed (Major et al. 1994, 
Rapp et al. 1994) always give very high values for membrane resistivity. However, the 
other parameters (Cm and R) are unlikely to be affected by Cs+_ 
Further problems exist if the noise of the recording is too great. Under these 
circumstances, the confidence limits of experimentally generated transients become larger, 
and the number of possible combinations of~' Ri and Cm that can produce optimal fits to 
the experimental data becomes greater. This leads to non-uniqueness in the estimates. 
Similar problems of non-uniqueness will occur if one tries to fit a model containing 
uniform passive properties to a neurone in which the passive properties vary along the 
dendrites. 
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Problems with Compartmental Modelling II: Morphology 
Just as improvements have been made in the electrophysiological techniques 
associated with compartmental modelling, so have the techniques for morphological 
reconstruction. Improvements in optics, reconstruction equipment and histology have 
been the main contributors to this improvement. 
Even as recently as the early 1990's, many reconstructions were performed by 
slicing the tissue containing the stained cell into thin sections and reconstructing the parts 
of the dendritic tree present in each thin slice ( e.g. Lux et al. 1970, Clements & Redman 
1989). This introduced errors into the morphology because of the poor resolution of the 
depth of dendritic sections within the tissue. Once the thin slices were reconstructed, they 
were then assembled to produce the entire neurone' s dendritic tree. More recent 
reconstructions have used whole-mounted tissue in combination with transducers on the 
microscope stage to detect the level of focus within the tissue ( e.g. Nitzan et al. 1990, 
Major et al. 1994, Rapp et al. 1994, Thurbon et al. 1994). This has resulted in 
considerable improvement in the accuracy of morphological reconstructions. 
To further complicate matters, many of the histological procedures used to stain for 
tracers such as HRP cause considerable shrinkage of the tissue due to dehydration with 
alcohol. This shrinkage must be taken into account if the true dendritic dimensions are to 
be accurately determined for the living cell. Complications may arise because shrinkage 
may not be the same in each plane of the tissue and the hardened HRP reaction product 
may not shrink but rather snap and fold as the tissue shrinks (Major et al. 1994). The 
first mention of a shrinkage free histological process being used for compartmental 
reconstructions was by Thurbon et al. ( 1994 ). It used the biocytin staining technique of 
Horikawa and Armstrong (1988), modified by O'Carroll et al. (1992) to include clearing 
and mounting of the tissue in glycerol. This technique does not use alcohol dehydration 
in the histology and has the advantage that no measurable shrinkage can be detected in the 
tissue (Thurbon et al. 1994, Ulrich et al. 1994, Larkum et al. 1998, Thurbon et al. 1998). 
Further refinement in reconstruction has been obtained with the advent of computer 
aided reconstruction systems. In these systems, the neurone is traced at high 
magnificatio~ and a motorised microscope stage is controlled by computer to keep the 
computer image aligned with the tissue. Transducers detect the level of focus and allow 
three-dimensional, continuous reconstruction of a neurone' s entire dendritic tree. 
A major limitation that is present for all reconstructions is the wavelength of light, 
which limits the resolution of fine detail to an accuracy of about 0.2µm. However recent 
advances in single and multi photon confocal microscopy may eventually increase 
resolution. 
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Passive Properties of Spinal Motoneurones 
Spinal motoneurones were the first neurones to be examined with the cable theory. 
The majority of the early work was carried out in cat spinal cord in vivo and recordings 
were made with sharp . microelectrodes. Early attempts to determine the electrotonic 
properties of the motoneurone used only the exponential peeling method developed by 
Rall ( 1970b) as it applies to an equivalent cylinder representation of the neurone' s 
dendritic tree. Nelson and Lux (1970) used this technique to measure average dendritic 
electrotonic length and membrane time constant. This study gave a membrane time 
constant for motoneurones of 4.2ms and an average electrotonic length of 1.SA. 
Iansek and Redman (1973) used a brief intracellular current pulse to examine the 
membrane properties of the motoneurone. These results were analysed using the 
technique described by Jack and Redman (1971). The main result of their investigation 
was that the membrane properties of the soma and dendrites were not the same. That is, 
the membrane conductance of the soma and dendrites was different either because the 
soma had a naturally lower resistance than the dendrites, or because of a large 
conductance introduced by penetration of the soma with a microelectrode. Iansek and 
Redman ( 1973) also suggested that the dendritic terminations were either sealed or had 
high resistance terminations, and that the average electrotonic length of the dendrites was 
1.5A. 
Another attempt to reconcile the membrane properties of the motoneurone was 
performed by Barrett and Crill ( 197 4 ). This was the forerunner of the computerised 
compartmental models to come, although Rall ( 1964) was the first to suggest 
compartmental models as a way to deal with the computational difficulties of complex 
dendritic trees. Motoneurones were stained with Procion dye and histologically 
processed to minimise shrinkage. Reconstructed motoneurones were found to have a 
profile that did not conform to the assumption of an equivalent cylinder and so this 
provided the first evidence that the assumptions associated with Rall' s analytical model of 
the motoneurone were incorrect. Barrett and Crill ( 197 4) used the reconstructed 
morphology to build a compartmental model in which each dendritic segment was 
modelled with the cable equation. They attempted to match the calculated input resistance 
of the motoneurone with the measured value by varying the specific membrane resistance 
of the model neurone. Using this method, they calculated a specific membrane resistance 
2 
for the motoneurone of 1.8KQ.cm . By using this value in combination with the 
measured membrane time constant, the specific membrane capacitance was calculated to 
2 
be between 2 and 3 µFlem , although this was subject to errors caused by the fact that the 
somatic shunt caused by electrode penetration was not included in the analysis (Durand et 
al. 1983, Fleshman et al. 1988, Burke et al. 1994, Thurbon et al. 1998). 
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Ulfbake and Kellerth (1984) used the same approach as Barrett and Crill (1974) in 
soleus a-motoneurones and compared these results with those obtained using the 
analytical method of Rall (1970b). The results obtained with these methods generally 
showed that the analytical method gives a higher ~ value than the input resistance fitting 
method. Furthermore, calculations of average electrotonic length made from reconstructed 
morphology and the calculated ~ of these cells revealed that electrotonic length was 
generally underestimated by the analytical technique and that motoneurones had dendrites 
that are several length constants long. 
Fleshman et al. ( 1988) used a similar fitting method, but matched the model to the 
cell's input resistance, membrane time constant and the electrotonic length derived from 
peeling. The main finding in this study was that models in which ~ was spatially 
uniform did not produce a very good fit to the experimental data unless the capacitance 
2 
was given highly varying values for each cell (l.4-8.6µF/cm ). To account for this, 
Fleshman et al. (1988) introduced models with non-uniform ~' one in which ~ 
increased stepwise from soma to dendrite and the other in which ~ increased 
progressively with distance from the soma in a sigmoid fashion. Both of these models 
gave essentially the same electrical responses at the soma indicating that somatically 
recorded cell responses were relatively insensitive to the properties of the distal dendrites. 
Fleshman et al. ( 1988) also introduced the idea of an equivalent dendritic profile 
calculated from the geometry that allowed a more accurate determination of the membrane 
time constant "tm. Such an equivalent dendritic profile is useful for determining the 
response of the cell to electrical manipulations at the soma but cannot be used to model 
dendritic events. Fleshman et al. ( 1988) concluded from their work that membrane 
resistivity in motoneurones is probably lower at the soma than in the dendrite and that 
membrane resistivity varies between different types of motoneurone. 
Clements and Redman ( 1989) further refined the model matching approach to 
determination of electrotonic properties by applying an optimisation method to the fitting 
procedure. Short current pulse and voltage clamp responses were recorded from these 
cells and used as the target transients for the modelling. Representations of 
motoneurones were built from morphological reconstructions as before. When modelling 
the cells, ~' Cm and I\ could be varied and a new electrical description of the cell could 
then be made. By simulating the same stimulus as had been used in the experiment, ~ ~ 
and Cm could be varied until the modelled and experimental transients overlay as closely 
as possible. Once this was done, the values of~' I\ and Cm obtained from the modelling 
are assumed to be those of the living cell. Clements and Redman ( 1989) added a further 
refinement to their model. They included a somatic shunt resistance (rsh) in their model to 
account for a lower somatic membrane resistance due to damage from the microelectrode. 
They found that such a model produced better fits to their experimental data than could be 
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obtained if the shunt was not included. Using this approach, Clements and Redman 
(1989) found that dendritic Rm ranged from 7 to 35KQ.cm
2 
while somatic ~ was around 
100 to 420Q.cm2• Therefore, dendritic Rm was about 20 to 100 times greater than somatic 
~ for different neurones. The average dendritic electrical length measured in this study 
was about 1.2A although most motoneurones had some dendritic terminations at 2-3A. It 
was su ooested that the reason for the low somatic R was a somatic leak caused by 00 .1.'m 
microelectrode penetration. Clements and Redman ( 1989) also suggested that 
motoneurones are more electrically compact than had hitherto been supposed. They also 
tried fitting their data with a model in which ~ increased linearly with electrical distance 
from the soma but they found that their model was relatively insensitive to changes in l\n 
in the distal dendrites. 
A similar study by Burke et al. (1994) examined cat y-motoneurones. This study 
also found it was necessary to include a significantly lower membrane resistance at the 
soma than in the dendrites. When l\n was constrained to be uniform in soma and 
dendrites, implausibly high values of membrane capacitance were required to match the 
transients. Again it was concluded that the low somatic men1brane resistance was due to a 
shunt caused by penetration with a microelectrode and that the high values of membrane 
capacitance required for uniform~ models were an artifact caused by the somatic shunt. 
All these approaches used intracellular microelectrodes. They suffered from: (1) 
large capacitive artifact distorting the early part of the voltage transient making this early 
part unusable for either the peeled time constant method (Rall 1970b) or the method of 
Jack and Redman (1971); and (2) electrode damage that led to a large non-specific 
+ 
conductance at the soma and subsequent K channel activation as shown by Rose and 
Vanner ( 1988). 
Rose and Vanner ( 1988) performed exponential peeling of time constants 1n 
cervical motoneurones of the cat and found that a better fit to the experimental data can be 
obtained when a somatic shunt is included in the analysis. Campbell and Rose (1997) 
looked at this matter in more detail by measuring the soma to dendritic conductance ratio 
in the presence and absence of Cs+_ They concluded that the intracellular electrode does 
cause a shunt conductance at the soma but also concluded that the somatic ~ is lower 
than for the dendrites because of tonically active K+ channels in the somata of 
motoneurones. 
A recent study using organotypically cultured spinal tissue has provided cable 
parameters for motoneurones (Ulrich et al. 1994). This work used whole-cell recording 
to eliminate problems associated with the microelectrode shunt conductance and has 
improved the accuracy of the passive membrane parameters obtained for these cells. 
Using the compartmental model approach and the transient fitting procedure of Clements 
2 
and Redman (1989), these cells gave an~ of 17.5+3.lKQ.cm and I\ of 308+39Q.cm 
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(n=3). Calculation of the cell capacitance gave a value of 1.08±0.23µF/cm2 (n=6). Using 
these values with the reconstructed morphology allowed the mean electrotonic path length 
of these cells to be calculated as 0.83+0.2A (n=S). 
These studies have provided estimates of the passive cable parameters of cat 
motoneurones in vivo, and cultured rat spinal motoneurones. The main problem with 
these studies is that they use either microelectrodes or cultured cells. Thus they are 
always either confounded by culture artifacts or by the shunt conductance introduced by 
penetration of the cell with a microelectrode. 
Action Potential Backpropagation and Dendritic Active Conductances 
As mentioned previously, neuronal dendritic membrane may contain voltage-
dependent conductances in addition to the passive membrane properties. The properties 
of these voltage-dependent conductances are overlaid on the passive properties of the 
dendritic membrane and so the passive properties are still an important component of the 
membrane response even when voltage-dependent conductances are activated. A review of 
the active properties of neuronal dendrites can be found in Johnston et al. (1996) and 
Hausser et al. (2000). 
There is a great deal of evidence that the axonally generated action potential can 
propagate back into the dendritic tree. This ' backpropagation ' of the action potential may 
be either passive or active depending on the properties of the dendrites. Backpropagating 
action potentials can cause large voltage deviations in the dendritic tree and may activate 
voltage-dependent conductances. For this reason, backpropagated action potentials can be 
useful for examining the active properties of dendrites. 
The earliest \¥Ork that suggested action potentials could propagate from the soma 
back into the dendrites was the work of Chang (1951) in which extracellular field 
potentia]s were measured in the cortex during antidromic activation of neurones . This 
showed that a significant amount of current flowed around the dendrites of cortical cells 
during antidromic activation. 
During the 1950 ' s, the work of Fatt (1 957) gave results that also indicated that the 
action potential propagated into the dendrites. This study used extracellular electrodes to 
measure current flow in and around the dendritic tree of a motoneurone. Although the 
results provided poor reso]u6on of the current flow around the dendrites of a 
motoneurone, they did suggest a significant amount of current fl.ow ing into the dendrites 
of these ceHs during action potentials . 
Some of the earhest work suggesting an active contribution of the dendrites to the 
action potential was provided by the work of Kandel and Spencer (1 96 1) on hippocampal 
pyramidal ceHs. They showed that a fast prepotential occurred at the initiation of the 
action potential in 25% of their ceBs and that this prepotential could be generated in 
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isolation to the action potential. They proposed that the apical dendrites of these 
hippocampal pyramidal cells contained an active region that contributed to the shape of the 
somatically recorded action potential and they suggested that this dendritic region could 
initiate action potentials. 
Later, direct recordings from dendrites of cerebellar Purkinje cells (Llinas & 
Nicholson 1971), cortical neurones (Houchin 1973), and hippocampal pyramidal 
neurones (Wong et al. 1979) provided evidence that action potentials could be initiated in 
the dendrites and propagate along them. This provided the first conclusive evidence that 
dendrites could not be considered as simply passive structures. 
Recent evidence from cerebellar Purkinje cells (Stuart & Hausser 1994), retinal 
ganglion cells (V elte & Masland 1999), dorsal horn neurones (Wolff et al. 1998), 
thalamocortical neurones (Williams & Stuart 2000a), substantia nigra neurones (Hausser 
et al. 1995), neocortical pyramidal cells (Stuart & Sakmann 1994, Stuart & Sakmann 
1995, Schiller et al. 1997, Stuart & Spruston 1998, Larkum et al. 1999a, 1999b, Williams 
& Stuart 1999, Bekkers 2000b, Korngreen & Sakmann 2000, Williams & Stuart 2000b ), 
hippocampal pyramidal cells (Westenbroek et al. 1990, Elliott et al. 1995, Magee et al. 
1995, Magee & Johnston 1995a, Magee & Johnston 1995b, Spruston et al. 1995, 
Hoffman et al. 1997, Magee 1998, Urban & Barrionuevo 1998, Golding et al. 1999, 
Magee 1999, Magee & Carruth 1999, Tsubokawa et al. 2000), hippocampal interneurones 
(Martina et al. 2000), pyramidal cells of the entorhinal cortex (Magistretti et al. 1999) and 
motoneurones (Larkum et al. 1996, Westenbroek et al. 1998) has confirmed the existence 
of voltage-dependent ion channels in the dendrites of these cells and that these channels 
can modify synaptic potentials and backpropagated action potentials. Depending on the 
type of channel present, they will either attenuate or amplify voltage signals as they 
propagate through the dendrites. It has been shown that the ionic conductances associated 
with these active currents include Na+, K+ and Ca
2
+. This complex mixture of active 
currents and their distribution in the soma and dendrites imparts added complexity to the 
understanding of how these channels interact to process synaptic inputs. 
Interest in backpropagating action potentials has grown recently due to studies of 
synaptic plasticity that suggest that the action potential could be an important signal for 
learning in neurones. The requirement for learning postulated by Hebb ( 1949) was that 
the input of a neurone should be active at the same time that the output is active in order 
for learning, or synaptic modification to occur. This process is activity dependent and 
only those inputs that contribute to the neurone' s output are modified. A coincidence 
detector is required to detect the presence of simultaneous synaptic neurotransmitter 
release and axonal action potentials. The NMDA receptor is believed to be the 
coincidence detector because of the way it functions. The NMDA receptor is activated by 
the neurotransmitter glutamate but the conductance of the channel is blocked by a 
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magnesium ion at the resting potential. This block is only relieved when the membrane 
potential is depolarised. The depolarisation associated with the backpropagating action 
? • 
potential is important for relieving the Mg-T block of the NMDA receptor (Magee & 
Johnston 1997, Koester & Sakmann 1998). Furthermore, the induction of both long-term 
potentiation and long-term depression (LTP and LTD) requires the pairing of EPSPs with 
postsynaptic action potentials within a narrow time window (Markram et al. 1997, Bi & 
Poo 1998, Debanne et al. 1998). Therefore the NMDA receptor functions as a 
2+ 
coincidence detector for neurotransmitter release and action potentials, with Ca influx 
through the channel acting as the signal for modification of synaptic efficacy (Yuste & 
Denk 1995, Koester & Sakmann 1998, Schiller et al. 1998, Yuste et al. 1999). Therefore, 
the backpropagated action potential may provide a link between axonal action potential 
firing and dendritic synaptic activity. Evidence for this idea comes from experiments 
where blocking backpropagation prevents the induction of LTP (Magee & Johnston 
1997). The backpropagated action potential may also be amplified by voltage-dependent 
conductances when it is coincident with EPSPs (Magee & Johnston 1997, Stuart & 
2+ 
Hausser 2000) and further Ca entry can occur through the action of voltage-dependent 
Ca2+ channels (Jaffe et al. 1992, Markram et al. 1995, Schiller et al. 1995). Together 
these results indicate that modification of synaptic efficacy can be regulated by the 
interaction between EPSPs , backpropagated action potentials and dendritic voltage-
dependent conductances. 
Dendritic voltage-dependent ion channels also have a very important role in 
modifying the amplitude and time-course of dendritically generated synaptic potentials 
(Magee & Johnston 1995b, Wilson 1995, Tsubokawa & Ross 1996, Hoffman et al. 1997, 
Stuart & Spruston 1998, Magee 1999, Williams & Stuart 2000b). Recent experimental 
evidence suggests that in some neurones, the hyperpolarisation dependent cationic 
conductance (Ih) compensates for the effects of dendritic filtering on EPSP decay time-
course. However, it also reduces EPSP amplitude thereby reducing the summation of 
EPSPs that is observed at the soma (Magee 1999, Williams & Stuart 2000b). Modelling 
by Cook and Johnston ( 1997, 1999) suggests that dendritic voltage-gated conductances 
could normalise EPSP amplitudes at the soma independently of their location but as yet, 
no experimental evidence exists to support this hypothesis. Many studies have shown that 
the time-course and amplitude of EPSPs can be modified by dendritic voltage-dependent 
conductances (Hoffman et al. 1997, Cash & Yuste 1998, Urban & Barrionuevo 1998, 
Magee 1999, Nettleton & Spain 2000, Williams & Stuart 2000b). However in pyramidal 
cells, subthreshold amplification of synaptic potentials is greatest near the soma and 
occurs through activation of axo-somatic channels (Stuart & Sakmann 1995, Andreasen & 
Lambert 1998). Since the distribution and density of dendritic voltage-dependent ion 
channels varies during development ( e.g. Gao & Ziskind-Conhaim 1998) and these 
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channels may be modulated by neurotransmitters (e.g. Colbert & Johnston 1998, 
Hoffman & Johnston 1999), the role these channels play in modifying synaptic potentials 
will depend on the developmental and behavioural state of the cells under study. 
Furthermore, if voltage-dependent ion channels are present at sufficiently high 
density in the dendrites, then they may produce regenerative events similar to the action 
potential (Chen et al. 1997, Schiller et al. 1997, Stuart et al. 1997a, Stuart et al. 1997b, 
Golding & Spruston 1998, Golding et al. 1999, Magee & Carruth 1999, Velte & Masland 
1999, Williams & Stuart 1999, Martina et al. 2000). These dendritic action potentials are 
usually of smaller amplitude and longer time-course than the axonal action potential and 
are difficult to voltage clamp because of their electrotonic separation from the soma (e.g. 
Fujita 1989). They may be caused by either Na+ (e.g. Stuart et al. 1997b, Golding & 
Spruston 1998) or Ca2+ ( e.g. Schiller et al. 1997) conductances and their pharmacology 
varies according to channel type. Because of the relatively low density of these channels 
in the dendritic membrane, dendritic action potential initiation usually requires strong 
synaptic stimulation or strong somatic depolarisation. Dendritic regenerative events may 
also be important for initiating the action potential by amplifying synaptic depolarisations 
and propagating them to the axon (Stuart et al. 1997b ). Dendritic action potentials are 
also important for regulating the firing mode of pyramidal cells (Larkum et al. 1999, 
Williams & Stuart 1999). No doubt, future work will provide further evidence of the role 
of dendritic action potentials in the integration of synaptic inputs, regulation of firing rate 
and modification of synaptic efficacy. 
In some cells such as neurones of the substantia nigra (Hausser et al. 1995), the 
axon arises from the dendritic tree rather than from the soma. Such morphology may be 
important for processing synaptic inputs. The dendritic origin of the axon will mean that 
synaptic inputs located on the axon bearing dendrite will have more influence on axon 
potential generation than synapses near to the soma as is the case in most neurones. 
Action potential backpropagation has now been successfully studied in a number of 
cell types. Each of these studies has shown a particular set of voltage-gated ion channels 
in the dendrites of each neuronal type and no doubt these differences are related to the 
different processing strategies employed by each type of neurone. The findings of these 
studies are reviewed briefly here. 
Purkinje Cells 
In studies of the cerebellar Purkinje cell, early results suggested that the action 
potential was initiated in the soma and spread passively into the dendrites of the cell 
(Hounsgaard & Yamamoto 1979, Llinas & Sugimori 1980a, 1980b). However more 
recent evidence has challenged this view (Regehr et al. 1992). Studies using simultaneous 
somatic and dendritic recordings (Stuart & Hausser 1994) have revealed that action 
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potentials always occur first at the soma and then in the dendrites , indicating that the action 
potential is initiated in the axon and propagates back into the dendrites. It was also found 
that action potential amplitude was heavily attenuated with increasing distance from the 
soma. Stuart and Hausser ( 1994) discovered that simulation of action potentials using 
voltage clamp in the presence of TIX produced action potentials that attenuated in a 
comparable manner to those evoked in the absence of TIX. This suggested that 
backpropagated action potentials are not amplified by dendritic Na+ channels. 
Furthermore, outside-out patches from dendritic membrane could detect the presence of a 
+ 
voltage-dependent sodium channel and it was found that the density of Na channels was 
very high near the soma and rapidly decreased as patches were placed more distally, 
reaching very low levels within 50-lOOµm of the soma. It was concluded that although the 
+ 
dendrites contain voltage-dependent Na channels, they make only a negligible 
contribution to the modification of synaptic potentials and backpropagated action 
potentials because of their low density in the dendrites . Modelling of action potential 
propagation into the dendrites of Purkinje cells gave results that were in support of passive 
+ 
action potential attenuation. This was consistent with the low Na channel density 
observed in the dendrites. This suggests that action potential backpropagation in Purkinje 
cells is passive and that the dendrites function as a relatively independent compartment for 
integration of synaptic inputs . Although the early work of Llinas and Sugimori (1980a, 
1980b) suggested that action potentials invade Purkinje cell dendrites passively, they also 
found that dendritic action potentials could occur as a result of voltage-dependent Ca 
2+ 
channels. In their hands, Ca
2
+ action potentials became larger as recordings were made 
?..L. 
further from the soma indicating that Ca- · channel density increases with distance from the 
soma. Llinas and Sugimori suggested that the dendritic Ca
2
+ action potentials were 
generated at multiple sites along the dendritic tree because of the multiple Ca
2
+ action 
potential components observed in the dendritic recordings. They also suggested that 
voltage-dependent Ca
2
+ channel activity may be modulated by granule and basket cell 
inhibition. 
Retinal Ganglion Cells 
The study of dendritic backpropagation and voltage-dependent ion channels in 
retinal ganglion cells has only just begun (V elte & Masland 1999). It has been found in 
these cells that action potentials can be initiated both in the soma and in the dendrite. In 
about half of these cells, evoked dendritic action potentials produced a mixture of 
subthreshold depolarisations and action potentials at the soma. In the other half of the 
cells , dendritic action potentials elicited only full-blown action potentials at the soma 
without the subthreshold depolarisations. In about half of these all-or-none type cells, the 
timing of the action potential between the soma and dendrite could be shifted by varying 
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the depolarisation at each electrode. In the remaining half of the all-or-none cells, the 
somatic action potential always occurred first and was followed by the dendritic action 
potential regardless of the depolarisations at each electrode. These results are indicative of 
a high variability in the density of voltage-dependent ion channels in the soma and 
dendrites of retinal ganglion cells. Unfortunately, because of poor resistance and 
capacitance compensation, Velte and Masland ( 1999) could not use timing of the action 
potential in each electrode to determine the exact point at which the action potential was 
initiated. However, their recordings were of sufficient quality to determine if action 
potentials were being recorded first at the soma or the dendrite. In 75% of the cells, 
depolarisation at either the soma or dendrite produced the action potential at that site first. 
In the remaining 25% of cells, action potentials were always recorded at the soma first 
regardless of the site of depolarisation. The conclusion from this is that most retinal 
ganglion cells have a sufficiently high density of voltage-dependent conductances in their 
dendrites to produce regenerative potentials. The remaining 25% of cells that only 
produce somatic action potentials do not have sufficient dendritic active conductances to 
produce regenerative events in their dendrites. 
When QX-314 was allowed to diffuse into these cells through the somatic electrode, 
initially action potentials could still be generated in the dendrite while somatic action 
potentials were blocked. This indicated that the dendrites could generate action potentials 
independently and could propagate them to the soma. After continued perfusion of 
QX-314, both the dendritic and somatic action potentials were completely blocked. This 
proved that the dendritic and somatic action potentials were both caused by voltage-
+ 
2+ 
dependent Na channels. Furthermore, they concluded that voltage-dependent Ca 
channels do not contribute to the dendritic action potentials, since QX-314 abolished 
dendritic action potentials. This conclusion was supported by the short time-course of the 
dendritic action potentials. 
Dorsal Horn Neurones 
In cells of the dorsal horn (Wolff et al. 1998), potassium currents are distributed 
unevenly. The delayed rectifier seems to be predominantly in the dendrites while most of 
the A-current is in the soma. In this study, Wolff et al. (1998) were able to physically 
isolate the soma from the axon and dendrites by patching onto the soma and then 
retracting the electrode to draw the soma away from the axon and dendrites. When this . 
was done, they found that the soma amplified depolarisations to membrane potentials 
within the range from about -50mV to OmV, but the soma also attenuated large ' 
depolarisations to membrane potentials above Om V. This was due to the proportions of 
Na+ current, A-current and delayed rectifier present in the soma. On this basis, they 
concluded that the soma would amplify postsynaptic EPSPs but would attenuate 
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backpropagated action potentials. Furthermore, they noted that the isolated soma could 
not produce action potentials even when potassium channels were blocked. Therefore the 
failure of the soma to generate action potentials is not due to shunting by K+ channels but 
instead is caused by the low somatic Na+ channel density of around 1 per µm
2 (Safronov 
et al. 1997) compared with 3-4 per µm 2 for pyramidal cells (Colbert & Johnston 1996) or 
2 
1000-2000 per µm for the node of Ran vier (Black et al. 1990). This study provides very 
convincing evidence that the soma acts to prevent backpropagation of the action potential 
in dorsal horn neurones. The distribution of channels in dorsal horn neurones, with the 
A-current predominantly in the soma, the delayed rectifier mostly in the dendrites and a 
low density of Na+ channels in the soma, is in contrast to the findings of Hoffman et al. 
(1997) for hippocampal pyramidal neurones where it was found that A-current density 
increased with distance from the soma. Furthermore, the pharmacology of the A-current 
in hippocampal pyramidal cells is different from that in dorsal horn neurones. These 
studies suggest that there is much heterogeneity in dendritic ion channel distribution 
among various neuronal types. 
Thalamocortical Neurones 
Williams and Stuart (2000a) examined the dendritic properties of thalamocortical 
neurones of the dorsal thalamus. They demonstrated with simultaneous somatic and 
dendritic recordings that action potentials evoked by sensory or cortical EPSPs are 
initiated near the soma and backpropagate into the dendrites of thalamocortical neurones. 
Cell-attached recordings showed that thalamocortical neurone dendrites contain a non-
uniform distribution of sodium channels and a uniform density of potassium channels 
across the somato-dendritic area that they examined, which included half the average 
dendritic path length of these cells. Dendritic action potential backpropagation was active, 
but action potentials may fail to invade the distal dendrites. They also observed that 
calcium channels were non-uniformly distributed in the dendrites of thalamocortical 
neurones. Low-threshold Ca 
2
+ channels were concentrated in the proximal dendrites and 
these sites are known to receive excitatory connections from primary afferents. This 
suggested that these Ca 
2
+ channels have an important role in the amplification of sensory 
inputs to thalamocortical neurones. However, there is no experimental evidence as yet to 
suggest that this is so. 
Neurones of the Substantia Nigra 
Simultaneous somatic and dendritic recordings have also been performed in 
neurones of the substantia nigra (Hausser et al. 1995). For both dopaminergic and 
GABAergic cells of the substantia nigra the situation was variable, with action potentials in 
the dendritic electrode peaking before, after or even simultaneously with those in the soma. 
25 
Morphological reconstruction of these cells showed that the axon often arose from a 
dendrite in these cells. When an action potential peaked in the dendrite before it did in the 
soma, it was because the dendritic electrode was attached to the dendrite from which the 
axon arose. When the action potential appeared first in the soma and then the dendrite, the 
axon arose either from the soma or from a dendrite other than the one from which the 
dendritic recording had been made. If the action potential occurred simultaneously, then 
the axon was found to originate from the section of dendrite between the somatic and 
dendritic electrodes. An examination of steady state and action potential attenuation in 
both GABAergic and dopaminergic cells found that there was barely any difference 
between the attenuation of either type of signal. Steady state signals appeared to be 
slightly attenuated, but only because of sag conductances, while action potentials appeared 
to be the same amplitude regardless of the recording site. No correlation could be found 
between the somatic or dendritic action potential amplitude and the distance of the 
recording site from the soma or axon. Outside-out patch recordings of the dendritic 
membrane of dopaminergic neurones determined that dendritic Na+ channel density was 
similar in the dendrites and soma of these cells. Action potentials were actively propagated 
in the dendritic trees of these cells and the similarly small attenuation of the action 
potential in the GABAergic neurones suggested that action potentials are actively 
propagated in those cells as well. Also, the relatively broad action potential of these 
GABAergic neurones (2-3ms) was attenuated much less when TTX was used to block 
+ 
dendritic Na channels than for Purkinje cell dendritic action potentials under the same 
conditions (Stuart & Hausser 1994). Therefore, the dendritic physiology of substantia 
nigra neurones may be suited to dendritic action potential propagation. The function of 
an axon that originates from a dendrite is not yet understood but may be important for 
synaptic integration, activation of NMDA receptors, and for dendritic release of dopamine 
in these neurones (Johnston & North 1992, Rice et al. 1994). 
Hippocampal Pyramidal Cells 
It has been suggested that the backpropagated action potential may be an important 
signal for Hebbian learning. In the hippocampal CAI pyramidal cell, backpropagation of 
the action potential is dependent on synaptic activity (Magee & Johnston 1997) but also 
depends on action potential firing rates (Spruston et al. 1995). Single action potentials 
propagate into the dendritic tree with ease whereas dendritic action potential amplitude 
decreases rapidly during high frequency firing. Somatic action potentials do not exhibit 
the same decrement in amplitude during high frequency firing. Spruston et al. ( 1995) 
suggested that this could be due to inactivation of the dendritic voltage-dependent Na 
+ 
channels responsible for propagating the dendritic action potentials and this was 
confirmed in the studies of Colbert et al. (1997) and Jung et al. (1997). These studies 
26 
+ found that the dendritic Na channels inactivate rapidly and that their recovery is slow and 
voltage-dependent. The conclusion was that voltage-dependent Na+ channels in the axon 
and dendrites have different inactivation properties. Further examination of dendritic 
action potential decrement during trains has found that activation of protein kinase C in 
CAI cells with phorbol esters reduced dendritic Na+ channel inactivation and decreased the 
activity-dependent attenuation of the backpropagated action potential (Colbert & Johnston 
1998). This indicates that action potential backpropagation can be modulated and this may 
have important implications for regulation of changes in synaptic efficacy. In CAI 
pyramidal cells, action potentials propagate actively into the dendrites, facilitated by a 
+ 
relatively constant density of voltage-dependent Na channels throughout the dendritic tree 
(Magee & Johnston 1995a). When failures of backpropagation occur, it is usually at 
dendritic branch points (Spruston et al. 1995). If synaptic inputs can cause 
+ 
backpropagation to fail at branch points, either by inactivating dendritic Na channels or by 
activating pathways that modify their properties, then synaptic input could act as a ' gate ' 
that controls the number of action potentials actively propagating into individual dendritic 
branches. 
Golding and Spruston ( 1998) have provided direct evidence from simultaneous 
dendritic and somatic recordings that excitatory synaptic inputs can elicit dendritic sodium 
action potentials prior to axonal action potential initiation in hippocampal CA 1 pyramidal 
neurones. Both the probability and amplitude of dendritic action potentials depended on 
the previous synaptic activity and firing history of the cell. Furthermore, some dendritic 
action potentials occurred in the absence of somatic action potentials, indicating that their 
propagation to the soma and axon is unreliable. Golding and Spruston also showed that 
dendritic action potentials contribute a depolarisation that summates with the synaptic 
potential and can act as a trigger for action potential initiation in the axon. 
Tsubokawa et al. (2000) have examined the decrement of action potential amplitude 
in the dendrites of CA 1 cells during trains of action potentials. They found that 
depolarisation reduced the amplitude decrement of dendritic action potentials during trains. 
This depolarisation induced facilitation of action potential backpropagation could be 
abolished by placing the intracellular Ca
2
+ chelator BAPT A into the electrode or by using a 
low-Ca 
2
+ bath solution, indicating that Ca 
2
+ influx is required. Intracellular injection of 
either calmodulin binding domain or the Ca
2
+/calmodulin-kinase II (CaMKII) inhibitor 
281-301 blocked the depolarisation induced facilitation. Bath application of a membrane 
permeable CaMKII inhibitor KN-93 also blocked the facilitation but KN-92, an inactive 
isomer of KN-93, had no effect. These results suggest that increases in intracellular Ca 
2+ 
cause facilitation of action potential backpropagation in the apical dendrite of CA 1 
pyramidal neurone through CaMKII dependent mechanisms. 
27 
Dendritic Ca2+ currents in CAI pyramidal cells have also been examined (Magee & 
Johnston 1995a 1995b, Magee & Johnston 1997). Subthreshold synaptic input and 
backpropagating action potentials both cause dendritic Ca
2
+ influx, but when synaptic 
2+ 
input and backpropagated action potentials occur simultaneously, the Ca influx was 
significantly larger than the sum of the two independent Ca
2
+ signals (Magee & Johnston · 
1997). Furthermore, backpropagation is dependent on synaptic activity with synaptic 
depolarisation helping to amplify the backpropagated action potential. This facilitates 
activation of voltage-dependent Ca 
2
+ channels and synaptic NMDA receptors, leading to 
Ca2+ influx and induction of long-term potentiation of synaptic strength (LTP). In the 
work of Magee and Johnston (1997), inhibition of backpropagation by localised 
application of TTX to the dendritic tree decreased Ca
2
+ influx and reduced LTP. No LTP 
was induced unless the backpropagated action potential reached the synaptic site while it 
was active and hyperpolarisation of the dendrites reduced backpropagated action potential 
amplitude, reduced Ca
2
+ influx and decreased LTP. 
Potassium channel regulation of backpropagation and dendritic integration has also 
been examined in hippocampal pyramidal cells. Hoffman et al. ( 1997) have performed 
cell-attached patch experiments on hippocampal pyramidal cells to examine the density of 
A-type potassium channels in these cells. They found an increasing density of IA in 
pyramidal cell dendrites. These channels caused significant attenuation of dendritic action 
potentials and were responsible for the majority of action potential repolarisation that 
occurred in the dendrites. The high dendritic density of IA would explain why action 
potential amplitude decrements with distance from the soma even though Na+ and Ca 
2
+ 
channels occur at high density in the dendrites of these cells (Magee & Johnston 1995a). 
Hoffman et al. ( 1997) also found that A-currents caused significant attenuation of fast 
EPSPs in these cells, particularly at the site of the synaptic input where changes in 
membrane potential are greatest. It was also found that depolarising one branch of a 
dendrite increased action potential amplitude in that branch while action potentials in the 
other branch were attenuated as normal. Hoffman et al. ( 1997) proposed that this was 
caused by relief of A-current activity by inactivation of the channel at depolarised 
potentials. They concluded that synaptic EPSPs could inactivate dendritic A-currents 
releasing local regions of the dendrite from the dampening effects of a high A-current 
density. This may allow action potentials occurring at the same time as EPSPs to increase 
in amplitude in a spatially restricted region of the neurone. The subsequent evoked Ca
2
+ 
influx through NMDA receptors and voltage-dependent Ca
2
+ channels could provide the 
associative signal needed to alter synaptic strength. 
Because of the importance of IA in the regulation of dendritic signal propagation, 
modification of the properties of the A-current by neuromodulators will be important for 
regulating action potential backpropagation and modification of synaptic efficacy. 
28 
Hoffman and Johnston (1998) showed that the cAMP-dependent protein kinase (PKA) 
and the Ca2+ -dependent phospholipid-sensitive protein kinase (PKC) can shift the 
activation curve of the A-current to more depolarised potentials in the dendrites of 
hippocampal pyramidal cells. This resulted in increased amplitude of backpropagating 
action potentials in the distal dendrites. Physiologically, ~-adrenergic and muscarinic 
acetylcholine receptors would cause an increase in intracellular PKA and PKC 
respectively. Hoffman and Johnston (1999) reported that activation of either of these 
neurotransmitter systems resulted in an increase in dendritic action potential amplitude. 
Hoffman and Johnston (1999) also tried elevating cAMP and PKA levels by using 
dopaminergic agonists as well. Activation of the dopaminergic neurotransmitter system 
increased action potential amplitude in only a subpopulation of neurones tested. 
Migliore et al. (1999) have examined the effect of an A-type potassium channel on 
action potential attenuation in a computer model of hippocampal pyramidal cells. This 
2 
work has shown that A-current densities in the order of 20 to 48mS/cm cause significant 
attenuation of action potential amplitude particularly in the distal dendrites even though 
+ 
voltage-dependent Na channels are present. As noted above, Hoffman et al. ( 1997) 
propose that EPSPs can relieve A-current activity by inactivating the channel and that this 
causes a spatially restricted increase in backpropagated action potential amplitude. This 
effect could be reproduced by the model of Migliore et al. (1999) by placing an A-type 
potassium channel into the dendritic membrane. Dendritic EPSPs inactivated the 
A-currents so that they could not contribute to the attenuation of the action potential 
amplitude. The combination of an EPSP and an action potential caused a supra-linear 
addition of the two potentials through the action of voltage-dependent Na+ channels and 
this only occurred within a certain time window in which the synaptic input and action 
potential occurred within 2 to 8ms of each other. Phosphorylation of IA may be 
important for varying the amount of action potential backpropagation in hippocampal 
pyramidal cells by changing the time constant of inactivation (Covarrubias et al. 1994, 
Drain et al. 1994) or the activation curve of the channel (Hoffman & Johnston 1998). At 
a dendritic location 400µm from the soma, Migliore et al. ( 1999) found that slowing the 
inactivation time constant of the A-current resulted in no change to the action potential 
amplification when paired with an EPSP, whereas speeding up the A-current inactivation 
resulted in larger action potential amplification and a larger time window over which supra-
linear addition of the two signals occurred. However at 200µm, changes in A-current 
inactivation time constant caused little changes in action potential amplitude and time-
course and did not change the time window over which EPSPs and action potentials added 
supra-linearly. Evidence from Hoffman and Johnston ( 1998) has shown that activation of 
protein kinases can shift the activation curve of IA to more depolarised potentials. Migliore 
et al. ( 1999) tested the effect of a +Sm V shift of the activation curve on action potential 
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attenuation and EPSP pairing. This caused significantly less attenuation of dendritic 
action potential amplitude in the distal dendrites, eliminated the supra-linear addition of 
EPSPs and action potentials and reduced sensitivity to changes in the A-current 
inactivation time constant. Therefore, this study showed that the A-cu.rrent could have 
important implications for Hebbian modification of synaptic strength through modification 
of the backpropagated action potential. Furthermore, changes in the properties of IA 
through phosphorylation of the channel can alter the pattern of action potential 
backpropagation. 
Urban and Barrionuevo (1998), using somatic and dendritic recordings in CA3 cells, 
found that dendritic EPSPs summed non-linearly and that blocking the A-current 
linearised EPSP summation. They concluded that the A-current is important for shaping 
dendritic EPSPs. This is in contrast to the results of Cash and Yuste ( 1998) where they 
used microiontophoresis of glutamate to mimic synaptic inputs in the dendritic tree of 
cultured pyramidal neurones and examined the summation of two inputs by testing their 
individual and combined effects. Cash and Yuste ( 1998) found that input summation was 
linear and that the position of the two inputs was not important for determining the way in 
which they summed. This was because small inputs did not cause sufficient changes in 
ionic driving forces and did not activate voltage-dependent ion channels. Larger inputs 
also added linearly, but this linearity was caused by balanced action of NMDA receptors 
and the A-current. Therefore, it appears that dendritic active conductances in combination 
with the properties of the postsynaptic receptors can maintain a linear summation and that 
dendritic morphology does not interfere with this linearity. Such a mechanism may be 
essential for particular neuronal computations. The results of Cash and Yuste (1998) do 
not appear to be a culture artifact since similar experiments in CA 1 pyramidal cells in 
slices of hippocampus (Cash & Yuste 1999) also showed linear summation of inputs 
through a balance of shunting and boosting mechanisms. Perhaps there are differences in 
the way CA 1 cells and CA3 cells sum their inputs, or perhaps Cash and Yuste were better . 
able to control the location of their inputs by using microiontophoresis of glutamate rather 
than by evoking EPSPs electrically. 
In the study of Magee (1998), the effect of the hyperpolarisation activated cationic 
current (lh) was investigated. It was found that the density of these channels increases six 
to seven times from soma to distal dendrites. The activation/inactivation curves of this 
channel are such that a significant proportion of somatic Ih channels (,-25%) are active 
near the resting potential. However, the activation curve of the dendritic Ih channels is 
shifted to more hyperpolarised potentials by about 1 Om V and only about half as many 
dendritic Ih channels will be active at rest as in the soma (,..., 12% ). Therefore, even though 
the dendritic density of Ih is seven times higher in the dendrite than in the soma, the effect 
of these channels on resting membrane properties is only half that of somatic Ih channels. 
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This combination of properties and distribution was found to produce a gradient of input 
resistance and membrane time constant from soma to distal dendrites although some of the 
time constant difference was not due to the gradient of Ih. This resulted in a directionally 
specific effect on subthreshold voltage transients such that signals travelling from soma to 
dendrites are heavily attenuated while signals travelling from dendrites to soma experience 
less decrement. This effect could be alleviated by blockade of Ih with 3mM Cs+_ The 
elevated dendritic Ih density decreased EPSP amplitude and duration and reduced the time 
window over which temporal summation of EPSPs takes place. Backpropagated action 
potentials were little affected by dendritic Ih presumably because its kinetics are too slow 
to affect the action potential. Therefore, although Ih acts to dampen dendritic excitability, 
its main impact is on the subthreshold range of membrane potentials where integration of 
synaptic inputs takes place. 
Magee ( 1999) has performed further work on the effect of Ih on summation of 
synaptic inputs and has reported that temporal summation at CA 1 pyramidal cell somata 
does not depend on the location of synaptic input. Summation of inputs from proximal 
( ,...,3Qµm) and distal ( "'330µm) dendritic locations was virtually the same up to about 
1 OOHz stimulation. The normalisation of temporal summation broke down at stimulation 
frequencies above lOOHz and ensured that temporal summation of high frequency inputs 
remained location dependent. Spatial normalisation of temporal integration could be 
removed by blockade of Ih with the drug ZD7288 and resulted in greater temporal 
summation of synaptic inputs, particularly those from the distal dendrites. A similar 
experiment in which trains of EPSC-shaped currents were injected along the somato-
dendritic axis showed similar summation of both proximal and distal inputs and addition 
of ZD7288 resulted in a progressive increase in temporal summation as the inputs were 
moved more distal. Furthermore, the amplitude of EPSPs does not affect temporal 
summation unless these EPSPs initiate dendritic action potentials. During dendritic 
spiking, Magee ( 1999) found that the normalisation of temporal summation was reduced 
suggesting that dendritic spiking may provide a mechanism to overcome the spatial 
normalisation of temporal summation. Magee ( 1999) found that synaptic depolarisation 
by EPSPs produced a deactivation of Ih resulting in a net hyperpolarising current which 
helped to shape synaptic input and counteract the effects of dendritic filtering. Thus, the 
non-uniform Ih density provides a mechanism for removing location dependence of 
temporal summation of EPSPs in CA 1 pyramidal neurones but did not alter the location 
dependence of EPSP amplitude. The overall effect of Ih then will ensure that a CA 1 
neurone' s response largely reflects the temporal pattern of the synaptic input rather than 
the location of that input. 
Magee and Carruth ( 1999) have studied the effects of some dendritic voltage-gated 
ion channels on the regulation of action potential firing in hippocampal CAI pyramidal 
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cells. They found that A-currents serve to dampen Ca
2
+ channel activity in these cells. 
When IA is blocked, significant Ca
2
+ channel activation occurs in the distal dendrites 
2+ 
during action potential backpropagation. The Ca current generated by these 
backpropagated action potentials propagates back to the soma to produce a slow, 
prolonged after-depolarisation that is capable of initiating further axonal action potentials. 
Therefore, these dendritic Ca
2
+ channels can potentially regulate the firing mode of the cell 
in a similar way to that observed in the layer 5 neocortical pyramidal cell (Williams & 
Stuart 1999, see below). As previously mentioned, neuromodulatory mechanisms exist 
which can reduce the activation of dendritic A-currents and consequently these 
neuromodulators may play a role in regulating the firing pattern of hippocampal pyramidal 
cells. 
Golding et al. (1999) have further examined the regulation of dendritic Ca
2
+ action 
potentials in CAI pyramidal cells. They showed that calcium action potentials are initiated 
in the apical dendrites of CAl pyramidal neurones and cause bursts of sodium-dependent 
action potentials at the soma, just as was shown by Magee and Carruth ( 1999). Initiation 
of calcium action potentials at the soma was suppressed in part by potassium channels 
activated by sodium-dependent action potentials. Low-threshold, putative D-type 
potassium channels played a prominent role in setting a high threshold for somatic 
calcium action potentials, thus restricting initiation to the dendrites. Once initiated, 
repetitive firing of calcium action potentials was limited by calcium-activated potassium 
channels. Thus, the concerted action of calcium- and voltage-activated potassium channels 
serves to spatially and temporally concentrate the membrane depolarization and calcium 
influx generated by calcium action potentials during strong, synchronous excitation. 
The exact function of the complex mixture of dendritic ion channels is at present not 
clear. It is possible that the purpose of dendritic active conductances is to counteract the 
effect of the passive membrane properties. Cook and Johnston (1997, 1999) have 
explored this idea by performing modelling studies to determine the active conductances 
and synaptic input properties that would be necessary to counteract the passive cable 
filtering by the dendrites. They found that a dendrite that eliminates passive dendritic 
filtering requires: (1) a steady state voltage-dependent inward current that together with the 
passive leak current provides a net outward current and a zero slope conductance at 
depolarised potentials. (2) a fast, transient, inward current that compensates for dendritic 
capacitance and (3) both AMPA and NMDA synaptic conductances that together permit 
synapses to behave as ideal current sources (Cook & Johnston 1999). All three of these 
mechanisms are consistent with known dendritic physiology. The model made many 
assumptions about the mix of voltage-dependent ion channels that occur in a cell's 
dendrites and used a simplified morphology. However, the results of Magee ( 1999) 
suggest that for the hippocampal CAI pyramidal cell, dendritic voltage-dependent ion 
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channels help to counteract the effect of passive dendritic filtering, at least on the decay 
time-course of synaptic potentials. There is as yet no evidence to suggest that dendritic 
voltage-dependent conductances help to counteract the effect of dendritic filtering on the 
amplitude of synaptic potentials. One other finding of the modelling study of Cook and 
Johnston ( 1999) is that dendrites which eliminate dendritic filtering effects will also 
backpropagate action potentials, although there is no suggestion that cells which 
backpropagate action potentials are necessarily able to alleviate the effects of dendritic 
filtering. Furthermore, dendritic voltage-dependent ion channels appear to have additional 
functions such as regulating the firing mode of the cell suggesting that there is still much 
to be understood about their importance for synaptic integration, action potential 
backpropagation and modification of synaptic efficacy. Magee and Cook (2000) have 
found in CAl pyramidal neurones that the dendritic EPSP amplitude increases with 
distance from the soma, counterbalancing the filtering effects of the dendrites and reducing 
the location dependence of somatic EPSP amplitude. They found that a progressive 
increase in synaptic conductance seems to be primarily responsible for normalising the 
amplitudes of individual inputs. Therefore, the size of synaptic conductances is important 
for determining how these postsynaptic potentials will interact and propagate within the 
dendrites of a neurone. 
Pyramidal Cells of the Sensorimotor Neocortex 
An examination of action potential backpropagation in layer 5 pyramidal cells of the 
sensorimotor neocortex (Stuart & Sakmann 1994), has shown that action potentials are 
recorded first in the soma and then in the dendrite regardless of the method of stimulation 
or the position of the dendritic recording. This suggests that the action potential originates 
in the soma or axon. Dual axonal and somatic recordings in these cells have confirmed 
that the action potential does indeed originate in the axon. Measurements of dendritic 
action potential amplitude showed up to 30% decrease in action potential amplitude at 
distances of around 500µm from the soma, which is very little attenuation for a brief signal 
over such a long distance. Outside-out patches of dendritic membrane recorded voltage-
+ dependent Na channels and their density was relatively constant along the entire length of 
the dendritic tree (Stuart & Sakmann 1994). Blockade of these channels by perfusion of 
QX-314 through the dendritic electrode caused the dendritic action potential amplitude to 
decrease. It was therefore concluded that action potential backpropagation in layer 5 
neocortical pyramidal cells is active. Further examination of these cells by Stuart and 
Sakmann ( 1995) found that EPSPs spreading to the soma are amplified by somatic and 
axonal Na+ channels. Application of Na+ channel blockers to dendritic sites did not affect 
amplification of EPSPs but application to the soma and axon made a large difference to 
the somatic EPSP amplitude. They concluded that the contribution of dendritic voltage-
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dependent conductances to the amplification of the EPSP was very small compared to the 
large amplification that occurred in the soma. 
Using simultaneous whole-cell voltage and-Ca
2
+ fluorescence measurements in layer 
5 neocortical pyramidal cells, Schiller et al. (1997) showed that distal synaptic stimulation, 
evoking a subthreshold depolarisation at the soma, could initiate regenerative potentials in 
the distal branches of the apical dendritic tuft that could be graded or all-or-none indicating 
that these cells have two regions for action potential initiation, one in the axon and another 
in the distal dendrites. Furthermore, these dendritic action potentials did not propagate 
actively to the soma or axon. Fluorescence measurements indicated that these regenerative 
2+ 
potentials were associated with a transient increase in intracellular Ca concentration that 
could be blocked by Cd
2
+. Therefore, these potentials were caused by voltage-dependent 
Ca2+ channels. The Ca
2
+ channels amplify small synaptic signals in the distal dendrites 
without generating axonal action potentials and this could be important for modifying 
synaptic efficacy at these distal sites. Stuart et al. ( 1997b) found that these regenerative 
potentials in the apical tuft of layer 5 pyramidal cells could be independent of the axonal 
action potential and only produced subthreshold signals at the soma. Backpropagating 
2+ 
action potentials in the apical tuft were also seen to have a late Ca component that was a 
2+ 
result of these dendritic voltage-dependent Ca channels being activated by the 
backpropagated action potential. These calcium currents were particularly pronounced 
during bursts of somatic action potentials. The increased Ca
2
+ electrogenesis during 
bursts is probably due to greater activation of dendritic Ca
2
+ channels caused by the 
sustained depolarisation that occurs during bursts in combination with the slow kinetics of 
2+ 
the channels. The dendritic Ca events could be prevented by application of TIX 
+ 
indicating that Na channels are important for producing a large part of the depolarisation 
associated with these events. This suggests that dendritic Na+ channels are activated by 
synaptic depolarisation and by backpropagating action potentials and that this contributes 
to dendritic depolarisations that can cause Ca
2
+ electrogenesis. Thus, these results suggest 
a role for both dendritic Na+ and Ca
2
+ channels in the generation of these electrogenic . 
events. 
Evidence suggests that layer 5 neocortical pyramidal cells are unusual in having both 
an axonal and dendritic zone for the initiation of action potentials. Distal dendritic inputs, 
which normally appear greatly attenuated at the axon must produce large potentials at the 
dendritic initiation zone to evoke calcium action potentials but once this occurs, they can 
then generate bursts of axonal action potentials. Larkum et al. ( 1999a) have shown that a 
single backpropagating sodium action potential generated in the axon facilitates the 
initiation of these calcium action potentials when it coincides with distal dendritic input 
within a time window of several milliseconds. As would be expected, Larkum et al. 
(1 999a) found that inhibitory dendritic input could selectively block the initiation of 
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dendritic calcium action potentials, preventing bursts of axonal action potentials. Thus, 
excitatory and inhibitory postsynaptic potentials arising in the distal dendrites can exert 
significantly greater control over action potential initiation in the axon than would be 
expected from their electrotonically isolated locations. The fact that a single 
backpropagating action potential paired with a subthreshold distal EPSP can produce a 
burst of axonal action potentials may provide a mechanism by which the main cortical 
output neurones can associate inputs arriving at different cortical layers within a broad 
time window. 
In a further examination of the interaction between the axonal and distal dendritic 
electrogenic sites, Larkum et al. ( 1999b) found that layer 5 pyramidal neurones are very 
sensitive to backpropagating action potentials when they occur above a critical frequency 
that varied between 60 and 200 Hz for different cells. Bursts of four to five 
backpropagating action potentials above the critical frequency elicited large regenerative 
potentials in the distal dendritic regenerative zone. The critical frequency had a narrow 
range of around 10-20 Hz and dendritic regenerative activity caused by backpropagating 
action potentials led to further depolarization at the soma. The frequency sensitivity of 
dendritic action potentials was suppressed by blockers of voltage-gated calcium channels 
and by synaptically mediated inhibition. Calcium fluorescence imaging during trains of 
action potentials occurring at rates higher than the critical frequency revealed that the 
dendritic site of largest transient increase in intracellular calcium was located 400-700µm 
from the soma at the same site where calcium action potentials were initiated. This 
conclusively showed that the distal dendritic initiation zone can interact with the axonal 
initiation zone if the output of the neurone exceeds a critical frequency and that this can 
occur even when the inputs to the neurone are restricted to regions close to the soma. 
Furthermore, the large influx of Ca
2
+ produced in the distal dendrites during action 
potential trains occurring above the critical frequency may be important for integration of 
synaptic inputs and for triggering intracellular cascades that modify synaptic efficacy. 
Since the activity at the initiation site for dendritic Ca
2
+ action potentials can regulate 
firing in the axon, modulation of action potential backpropagation may also be important 
for regulating the action potential bursting properties of these cells. Williams and Stuart 
( 1999) have investigated the mechanisms underlying the generation of action potential 
burst firing and its postsynaptic consequences in rat layer 5 neocortical pyramidal 
neurones. Based upon firing and subthreshold membrane properties, layer 5 pyramidal 
neurones were separated into three classes; regular firing, weak burst firing and strong 
burst firing. The blockade of apical dendritic sodium channels by the local dendritic 
application of TTX greatly reduced high frequency action potential burst firing, as did the 
~ ~ 
blockade of low threshold Ca channels by local apical dendritic application of Ni . 
These results indicate that burst firing results from the backpropagation of action 
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potentials and the associated apical dendritic depolarisation caused by the combined 
activity of voltage-dependent Ca
2
+ and Na+ channels. In regular firing neurones, dendritic 
application of Ni
2
+ did not alter action potential firing properties. In regular firing 
neurones, apical dendritic depolarisation at locations > 150µm from the soma resulted in 
low frequency burst firing during somatic current injection while in burst firing neurones, 
the rate of action potential burst discharges was increased during dendritic depolarisation. 
Little difference in firing pattern was seen in either regular or burst firing cells if the 
depolarisation was placed <150µm from the soma. Examination of temporal summation 
of synaptic inputs in these cells during action potential bursts showed that temporal 
summation is greatest during bursting and the more action potentials that occur in a burst, 
the greater the temporal summation of EPSPs. This amplification of EPSPs must occur 
through the action of Na+ channels since it is blocked by TIX. Together these results 
suggest that it is the membrane potential in the distal apical dendrites that is important for 
regulating the firing characteristics of layer 5 pyramidal neurones and that Ca
2
+ and Na+ 
channels are responsible for the dendritic depolarisation that occurs in these cells during 
backpropagated action potentials. 
To further add to the understanding of the interactions between voltage-dependent 
ion channels in layer 5 neocortical pyramidal neurones, Korngreen and Sakmann (2000) 
have made a study of potassium channels in somata and dendrites of layer 5 neocortical 
+ 
pyramidal cells. They showed that the amplitude of ensemble K currents in cell-attached 
patches decreased along the apical dendrite as the distance from the soma increased. 
Korngreen and Sakmann propose that the decrease in density of the voltage-gated K+ 
channels along the apical dendrite of layer 5 pyramidal neurones in concert with the high 
2+ 
Ca channel density in the distal dendrites helps to define a region in the distal dendrites 
with a lower threshold for the generation of dendritic regenerative potentials produced by 
+ 2+ 
Na and Ca channels. 
Bekkers (2000b) has made a study of the voltage-gated potassium channels in cell-
attached and outside-out patches from the soma and primary apical dendrites of large layer 
5 neocortical pyramidal neurones. Ensemble averages revealed that some patches 
contained only fast transient potassium currents similar to the A-type potassium channel 
(IA), others contained only delayed rectifier-like (10 R) channels that did not inactivate or 
inactivated slowly, and the remainder contained mixtures of both channel types. The 
amount of IA and IDR present in dendritic patches depended weakly on distance from the 
soma. The amplitude of IA increased, on average, by 2.3pA per lOOµm, while the 
amplitude of I0 R decreased by 0.4pA per l00µm. IA and l0 R channels in dendritic cell
-
attached patches were activated by the passage of a backpropagating action potential past 
the tip of the patch electrode. These results show directly that these potassium channels 
participate in dendritic action potential repolarisation. They may also contribute to the 
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process of synaptic integration in these neurones. However, the functional consequences 
of these channels to the integration of synaptic inputs in the dendrites of layer 5 
neocortical pyramidal cells is still uncertain. 
Another study by Takigawa and Alzheimer ( 1999) used acutely dissociated dendritic 
segments and cell somata of rat neocortical pyramidal neurones to determine and compare 
+ 
the relative density of G-protein activated K currents in the two cellular compartments. 
They used agonists for adenosine, GABA8 and serotonin to activate G-protein activated K+ 
currents and observe their effects. Their data suggests that several neurotransmitters might 
employ G-protein activated K+ currents as a tool to directly modulate the electrical 
+ 
properties of dendrites. In concert with voltage-dependent K currents and the 
+ 
hyperpolarisation-activated cationic conductance (Ih), G-protein activated K currents 
should dampen dendritic excitability and thus influence various aspects of dendritic signal 
integration. Therefore certain neurotransmitters may modulate dendritic voltage-dependent 
conductances and such modulation could be important for regulating the amplitude of 
backpropagated action potentials, thereby regulating calcium influx during synaptic 
activation of NMDA receptors and subsequent changes in synaptic efficacy. 
In a recent study by Williams and Stuart (2000b ), an investigation was made of the 
properties and distribution of the hyperpolarisation-activated cationic conductance (Ih) in 
the axon, soma, and apical dendrites of neocortical layer 5 pyramidal neurones, and their 
effect on the time-course of EPSPs. They found an increase ( ,...,9pA/ 1 OOµm) in the density 
of dendritic Ih channels with distance from the soma. Just as in hippocampal pyramidal 
cells, a significant proportion of Ih is active at the resting membrane potential ( _, 7-8%) 
although the activation properties of this channel are similar across the somato-dendritic 
axis unlike the Ih channels of CA 1 cells. Simulation of EPSPs in the soma and dendrites 
resulted in somatic EPSPs of similar decay time-course regardless of their location but 
with rise-times that were slower for simulated EPSPs arising in the dendrites. In a passive 
system, distal EPSPs would be expected to show greater somatic temporal summation 
because of their slower decay kinetics at the soma. The normalisation of simulated EPSP 
half-width suggested that this might not occur in layer 5 pyramidal neurones. In a similar 
experiment to that of Magee (1999), Williams and Stuart (2000b) applied trains of 
simulated EPSPs and observed little temporal summation regardless of the location of the 
input. Application of the Ih blocker ZD7288 produced significant temporal summation of 
inputs and this summation was greatest for distal inputs. Depolarisation of the soma 
increased temporal summation and this could be further increased by addition of ZD7288. 
However, the increase in temporal summation caused by depolarisation and ZD7288 could 
be partially removed by TIX, suggesting that voltage-dependent Na+ channels are also 
important for the resulting temporal summation at depolarised membrane potentials. Thus 
Williams and Stuart (2000b ), studying neocortical layer 5 pyramidal cells, have found 
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similar results to those of Magee (1999) for the hippocampal CAI cell. That is, that these 
cells contain a high level of dendritic Ih that counteracts the effect of dendritic filtering on 
the decay time-course of synaptic inputs resulting in reduced temporal summation. So, 
although the high level of active Ih that is present in the distal dendrites of these cells at rest 
leads to a faster decay of the simulated EPSP amplitude because of higher membrane 
,, 
conductance, the deactivation of the channel by depolarisation leads to generation of a net 
outward current that shortens the decay. These data indicate that an increasing density of 
apical dendritic Ih channels counteracts the influence of cable filtering on somatic EPSP 
time-course and temporal summation in layer 5 neocortical pyramidal neurones and 
supports the hypothesis proposed by Cook and Johnston (1997, 1999) in which the 
purpose of dendritic voltage-dependent conductances is to eliminate the location 
dependence of synaptic input. 
Dendritic Active Conductances and Backpropagation in Motoneurones 
Studies of action potential backpropagation in the motoneurone took place much 
earlier than for the cells discussed above and did not utilise dendritic recordings. Rather, 
these studies relied on indirect methods. The early interest in backpropagating action 
potentials arose because the time-course of the recorded action potential at the soma had to 
be explained in terms of where it was initiated and how it spread into the soma and 
dendrites (Brock et al. 1953 ). Various components of the rising phase of the action 
potential could be distinguished and were attributed to the contribution of different parts of 
the neurone to the shape of the action potential. The problem with this approach was that 
the recordings were made from the soma of motoneurones and so it was very difficult to 
determine how action potentials propagated in the axon and dendrites and how much 
contribution each compartment made to the size and shape of the action potential at the 
soma. Brock et al. (1953) concluded that the antidromic action potential time-course had 
various components that were caused by the action potential propagating through various 
parts of the neurone. The myelinated axon produced the M-spike component, the soma 
and dendrites produced the SD-spike component and the initial segment generated the 
NM-spike component, although this was later renamed the IS-spike component. They 
suggested that the majority of the current needed for action potential production was 
produced by the axon hillock, while the axon, soma and dendrites produced progressively 
less current per unit area and therefore had progressively lower Na+ channel density. A 
later paper by Fatt ( 1957) used extracellular recording to determine the relative 
contributions of the dendrites, soma and axon to the action potential. Fatt determined that 
the total current that flowed around a motoneurone during an action potential was about 
0.2 to 0.3 µA. Since this was such a large current, he assumed that a large part of the 
motoneurone had to be active. Fatt concluded that the active region was the soma but he 
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also realised that his technique did not have sufficient spatial resolution to provide accurate 
localisation of the current associated with the action potential. Fatt's recordings showed 
that there was a reversal of the direction of current flow that propagated along the dendritic 
tree indicating active backpropagation of the action potential into the dendrites of the 
motoneurone. He concluded that the action potential was produced predominantly in the 
soma while the dendrites and axon were only responsible for a small part of the current 
associated with the antidromic action potential. 
Further attempts to define the site of action potential initiation included the work of 
Coombs et al. ( 1957). They showed that the steep initial rising phase of the action 
potential recorded in the motoneurone soma was due to the activity of the axon initial 
segment, while the later components were produced by the soma and dendritic membrane. 
Furthermore, impulses generated by the activity of the initial segment were recorded in the 
ventral roots before the somato-dendritic action potential. This provided further evidence 
that action potentials were initiated in the axon initial segment. 
Overall, these early attempts to examine the temporal and spatial characteristics of 
action potential generation and propagation revealed that it had two components. It was 
suggested (Brock et al. 1953, Coombs et al. 1957) that the first component was generated 
in the initial segment and that the second was generated in the soma and possibly the 
dendrites. An alternative explanation by Fatt was that the first component arose in the 
soma and that the second was attributable to an active response of the dendrites. 
Frank et al. ( 1959) used a voltage clamp to measure intracellular current 1n an 
attempt to clarify the issue of where the action potential was initiated. They discovered that 
the membrane region producing the second component of the action potential must be 
partly undamped because the threshold for firing the second component was much higher 
than for the first, and that this component could occur even when the first component was 
clamped near threshold. They also deduced that the clamped area did not lie between the 
parts of the neurone that generated the first and second action potential components, 
otherwise the first component would not be able to trigger the second component during a 
clamp. Therefore, they concluded that the first component is generated in the axon while 
the second must involve no more than a part of the soma-dendritic membrane. 
A later paper by Dodge and Cooley ( 1973) used a computer model of a 
motoneurone with active conductances to reproduce the action potential observed in a 
recorded motoneurone. To achieve this the Na+ channel density had to be high in the 
axon, low in the soma and very low or absent in the dendrites. From this study it became 
+ 
apparent that the Na channel density over the motoneurone was more localised than had 
+ previously been thought and that Na channel density gradients could be very steep. The 
+ low dendritic Na channel density combined with the resistive load of the dendrites meant 
that the action potential did not propagate effectively into the dendrites. 
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Early work to try to determine if voltage-dependent ion channels were present in 
the dendritic membrane of the motoneurone relied on attempts to produce dendritic action 
potentials. Kuno and Llinas ( 1970) found that axotomised motoneurones could produce 
spike-like responses to monosynaptic EPSPs. However, they could not determine the 
origin of these spike-like potentials other than to say that they originated in the dendrites, 
nor did they define the ion channel responsible. Similarly, Fujita ( 1989) found that by 
alterino stimulus strenoth to evoke EPSPs in cat motoneurones, dendritic action potentials b b 
could be elicited. Because they were unlike the normal action potential seen in 
motoneurones and because of the way they interacted with IPSPs and somatically 
generated depolarisations, they were presumed to be dendritically generated. However, 
Fujita did not examine the ionic nature of these putative dendritic action potentials to 
+ 2+ 
determine whether the depolarising potentials were caused by Na or Ca channels. 
Walton and Fulton (1986) demonstrated the presence of dendritic Ca
2
+ action 
potentials and Na+ action potentials in neonate rat neurones. They also showed that a Ca
2
+ 
dependent K+ conductance (1Kcca2+)) was present, which is responsible for the majority of 
the afterhyperpolarisation and is the major determinant of firing rate in these cells. A 
voltage-gated Ca 
2
+ current is required to activate this conductance and blockade of this 
current with Cd
2
+ reduced the 1Kcca2+) and increased action potential firing rates. However, 
2+ 2+ 
they also noted that the Ca current decreased as animals became older and Ca action 
potentials were only detectable in 3-5 day old rats after application of potassium blockers 
+ 
such as Cs . They also observed small all-or-none action potentials in motoneurones of 
young rats (3-5 days) and in older rats after application of Cs+_ These action potentials 
had faster rise times than the dendritic Ca
2
+ action potentials and could be blocked by TIX 
indicating that they were sodium dependent. These findings suggest that neonatal 
+ 2+ 
motoneurones generate Na and Ca dependent events at separate anatomical sites, 
probably in the dendritic membrane and that the Ca
2
+ component decreases with age. The 
2+ 
early Ca currents may be important for setting synaptic efficacy in the early stages of 
motor development. 
One of the most definitive early studies on the ion channels present in rat 
motoneurones is that of Takahashi ( 1990) on neonate rat motoneurones. This work 
shows neonate rat motoneurones have three predominant types of potassium conductance; 
2+ 
a Ca dependent potassium channel (IKcca2+)), a delayed rectifier (10R) and an A-type 
potassium conductance (IA). This study made no examination of Ca
2
+ current in these 
cells, but it did address the contribution of potassium channels to the action potential 
repolarisation and the afterhyperpolarisation. In neonatal motoneurones, blockade of the 
A-current markedly prolonged the action potential at the soma (Takahashi 1990). It was 
therefore concluded that in neonatal rat motoneurones IA contributes significantly to action 
potential repolarisation. 
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Clements et al. ( 1986) found that internal injection of TEA into cat motoneurones 
increased the amplitude of dendritically generated EPSPs and prolonged their time-
courses, while it had no effect on somatically generated EPSPs. This suggested the 
presence of a dendritic potassium channel that reduced EPSP amplitude and time-course. 
Direct measurement of the backpropagation of the action potential in motoneurone 
dendrites has so far only been performed in motoneurones cultured from young rats 
(Larkum et al. 1996). In this study, organotypic cultures of spinal cord were used as the 
experimental preparation. Somatic and dendritic recordings were made with the dendritic 
electrode at distances varying from 30 to 423 µm from the soma. It was found that the 
amplitude of the backpropagated action potential was much larger than would be expected 
for passive attenuation calculated from a simple passive model of the motoneurone. 
Addition of TIX reduced the dendritic action potential amplitude to that expected for 
+ passive propagation. This indicates that there is a Na channel that amplifies the action 
potential within motoneurone dendrites. Also, addition of QX-314 to the dendritic 
electrode solution gradually abolished the amplification of the backpropagated action 
potential and reduced it to the level expected for passive propagation. This active 
backpropagation was not present in all cells, and in some cases it was found that action 
potential backpropagation followed a purely passive decay. To answer the question of 
whether different dendrites of the neurone could have different conduction properties, 
Larkum et al. ( 1996) also used optical recordings of membrane potential using the voltage 
sensitive dye di-8-ANEPPS. Propagation of action potentials and of hyperpolarising 
pulses was compared to determine whether action potentials were conducted differently in 
different dendrites. It was found that action potentials declined on average 12.5% less 
than hyperpolarising pulses, confirming that action potentials are indeed actively 
backpropagated. Furthermore, the results varied for each dendrite, indicating that it is 
possible for different dendrites of the same neurone to have differing ability to propagate 
action potentials. Larkum et al. ( 1996) suggest that the Ca 2+ influx associated with the 
backpropagating action potential may be important as a retrograde signal to regulate the 
motoneurone ' s computational ability. 
Measurements of K+ channels in motoneurone dendrites have not been made, 
however a whole-cell and patch-clamp study of potassium channels in isolated somata of 
rat motoneurones (Safronov & Vogel 1995) found that the most predominant potassium 
current in the motoneurone soma is the A-current, at least in young rats. A delayed 
rectifier is also present, along with the voltage-activated Na+ channel. This differs from the 
axonal potassium channels of rat motoneurones which have been shown to contain three 
types of delayed rectifier with varying kinetics and that none of these corresponds to the 
A-current (Roper & Schwarz 1989, Safronov et al. 1993). These results suggest that the 
A-current is differentially distributed in the motoneurone. The A-current will tend to 
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dampen backpropagating action potentials while still allowing EPSPs to propagate to the 
axon initial segment. 
Immunocytochemical Localisation of Motoneuronal Ion Channels 
Immunocytochemical techniques have been applied to the problem of identifying the 
type and spatial extent of dendritic ion channels. Subcell ular immunocytochemistry has 
been performed for Na+, Ca
2
+ and K+ channels in the hippocampus, cerebellum, neocortex 
and spinal cord (e.g. Westenbroek et al. 1989, Hell et al. 1993, Sheng et al. 1994, 
Sekimjak et al. 1997, Westenbroek et al. 1998,). 
Labelling of Ca
2
+ channels subtypes in the spinal motoneurone and neuromuscular 
2+ junction has shown that each Ca channel subtype is differentially distributed 
2+ 
(Westenbroek et al. 1998). Class A (P- and Q-type) Ca channels are preferentially 
distributed in the presynaptic boutons of motoneurones at the neuromuscular junction. 
2+ 
Class C and D (L-type) and class E (R-type) Ca channels were found mostly in the 
soma and proximal dendrites of motoneurones. The only Ca
2
+ channel present in 
significant quantities in motoneurone dendrites is the B-subclass (N-type) of Ca 
2
+ channel 
(Westenbroek et al. 1998). This differential distribution of Ca
2
+ channel subtypes 
suggests distinct functional roles for the different channel types. 
+ 
Immunocytochemical labelling of Na channel subtypes in the spinal cord has 
shown a differential distribution of Na+ channel types as well. Westenbroek et al. (1989) 
+ 
showed a preferential distribution of Na channels in the unmyelinated axons of the spinal 
cord and in the somata of motoneurones, but that little or no Na+ channels were present in 
the dendrites of these cells. 
... 
In the immunocytochemical study of Na · channels by Caldwell et al. (2000) they 
used affinity-purified isoform-specific antibodies, and found that Na(v)l.6 is highly 
concentrated at nodes of Ran vier of both sensory and motor axons in the peripheral 
nervous system and at nodes in the central nervous system. The specificity of this 
antibody was also demonstrated with the Na(v)l.6-deficient mutant mouse strain med, 
whose nodes were negative for Na(v)l.6 immunostaining. Both the intensity of labeling 
and the failure of other isoform-specific antibodies to label nodes suggest that Na(v) 1.6 is 
the predominant channel type in the node of Ranvier. In the central nervous system, 
Na(v) 1.6 is localized in unmyelinated axons in the retina and cerebellum and was strongly 
expressed in dendrites of cortical pyramidal cells and cerebellar Purkinje cells. 
Ultrastructural studies have shown that labeling for Na(v) 1.6 in the dendrites of these cells 
occurs in both the cytoplasm and on dendritic shaft membranes. The cytoplasmic 
component presumably represents channels that are being transported to dendritic sites for 
incorporation into the membrane. Remarkably, Na(v) 1.6 labeling was observed at both 
presynaptic and postsynaptic membranes in the cortex and cerebellum. Thus, a single 
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sodium channel isoform is targeted to different neuronal domains and can influence both 
axonal conduction and synaptic responses. In the motoneurone however, it appears to be 
present only in the axon. 
+ Immunocytochemical labelling of K channels has been performed in the spinal 
+ 
cord by Yeh et al. (1995). This study did not examine K channel distribution at high 
resolution, but merely found a high expression of the K(v) 1.1 and K(v) 1.2 varieties of the 
shaker K+ channel in the soma and dendrites of motoneurones suggesting that dendrites of 
+ 
motoneurones do indeed contain voltage-dependent K channels. 
Concluding Comments 
Generally, studies of dendritic ion channels have shown a great deal of 
heterogeneity between cell types and this indicates that the results for one cell type cannot 
be transferred to another cell type. In addition, studies such as that of Hausser et al. 
( 1995) where the axon originates from the dendritic tree, remind us that not all neurones 
have their axons attached to the soma. Therefore, until the complexities of dendritic ion 
channels are better understood, it is unsafe to generalise about the role these channels play 
in the integration of synaptic potentials in neurones and the propagation and initiation of 
action potentials. 
As already mentioned, dendritic recordings have been achieved in neurones of the 
neocortex, hippocampus, cerebellum, substantia nigra, thalamus, spinal cord and retina, but 
little work has been done to examine the dendritic ion channels of motoneurones 
electrophysiologically. This study is the first of its kind to place an electrode on a 
motoneurone dendrite in a rat spinal cord slice and measure dendritic events. 
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Chapter Two 
General Methods 
This chapter deals with the general methods that were used in the experiments 
described in the following chapters. Each of these experimental chapters has its own 
specific methods relating to the work in that chapter. Experiments and modelling were 
carried out at the John Curtin School of Medical Research in Canberra, Australia while 
histological processing and reconstruction were performed at the Physiological Institute in 
Berne, Switzerland. 
Dissection 
Preparation of spinal cord slices was perrormed by first anaesthetising a 7-15 day 
old Wistar rat of either sex with halothane ( 4% in medical Oz) followed by intraperitoneal 
injection of urethane (0. lg/mL, 0. lmL/l00g body weight) and then chilling the animal for 
5-7 minutes on ice until breathing had almost ceased. During this time, the rat was kept in 
an atmosphere of 95%O/5%CO2• The rat was then decapitated and pinned, dorsal side 
up, on a cork pad. 
The skin was cut along the spine and reflected along its entire length. The vertebral 
column and thorax were then cut at the upper thoracic level and further cuts made to 
separate the vertebral column including the dorsal thorax, pelvis and tail stump from the 
rest of the body. 
The excised vertebral column was then placed in a dissecting dish lined on the 
bottom with Sylgard and filled with artificial cerebrospinal fluid (ACSF) containing ACSF 
ice crystals and therefore at about 0°C. This ACSF consisted of (in mM) NaCl 113, KCl 
3, NaH2PO4 1, NaHCO3 25, glucose 11, CaCl2 1, MgC12 6 and was used throughout the 
dissection and slicing of spinal cord slices. For recording, the ACSF was modified so that 
it contained 2mM CaCl2 and 1 mM MgCl2• 
A ventral laminectomy was then performed by placing one tip of the scissors inside 
the spinal canal and cutting through the vertebrae bilaterally while pulling the excised bone 
up and away, leaving the exposed spinal cord intact in the pinned vertebrae 
The dura mater was then split along the ventral midline for the entire length of the 
cord using Vanass scissors. The most rostral end of the cord was then grasped with fine 
forceps and lifted upwards while the nerve roots and dorsal root ganglia were freed by 
cutting the roots outside the dura. The excised cord was then placed in the Sylgard coated 
chamber and the dura mater split on the dorsal side and removed by cutting through the 
nerve roots, removing the dorsal root ganglia, nerve roots and dura together. 
Next, the cord was hemisected for a millimetre or so at the rostral end. The pia 
mater was gripped with fine forceps and by pulling caudally could be completely removed, 
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taking all remnants of the nerve roots with it. This step is essential for clean slicing of the 
cord and to ensure the viability of large cells. Once the pia had been removed from the 
cord, two cuts were made with a scalpel to isolate the lumbar enlargement of the spinal 
cord (lumbar 3 to sacral 1). 
The isolated spinal segment was then mounted in molten, oxygenated Agar at 36°C. 
The Agar ( l.0g/60mL) was boiled vigorously to ensure it was dissolved and then bubbled 
with 95%O) 5%CO2 and cooled to 36°C. At this point, it was poured into a small mould 
and the lumbar enlargement of the spinal cord was placed in it vertically. 
The mould containing the Agar and the spinal cord section were then cooled in icy 
ACSF to solidify the Agar. Once cooled, a small cube of Agar containing the cord was cut 
from the mould with a scalpel and glued to a cutting block with. cyanoacrylate glue. This 
was then mounted on a Camden vibrotome and transverse slices of spinal cord of 300µm 
thickness were made. 
Once cut, slices were placed in a beaker of recording ACSF at room temperature 
(20-24°C) and were then incubated in a water bath at 35°C where the temperature was 
allowed to equilibrate and the slices were allowed to recover for 1 hour. Thereafter the 
slices were kept at room temperature (20-24°C) for up to 6 hours. 
Recording 
For recording purposes, single slices were transferred to a holding chamber on a 
microscope stage and perfused at 3mL/min with ACSF maintained at 34+2°C with a 
Peltier device. The ACSF always contained IOµM CNQX, IOOµM picrotoxin and lOµM 
strychnine in order to block synaptic background activity. The slice was held in place in 
the recording chamber with a U-shaped platinum wire supporting parallel nylon threads 
(Ed'Yards et al. 1989). One thread was placed across the dorsal horns of the spinal cord 
slice and another thread across the ventral border of the spinal cord leaving most of the 
ventral horn free for electrode exploration. 
The neurones were visualised using infra-red differential interference contrast 
(IR-DIC) optics on a Zeiss Axioskop microscope. This was achieved by removing the 
heat filter from the lamp housing to allow infra-red light to reach the field aperture and 
then using a 40nm bandwidth 770nm filter in the filter holder of the microscope. This 
gives infra-red illumination of the tissue (Stuart et al. 1993). All other optics were 
standard equipment for differential interference (Nomarski) optics. The objective was a 
40x water immersion lens (Zeiss), infinity corrected and mounted on a 20mn1 extension 
tube to allow more room under the turret for micromanipulators. The image vvas 
magnified by a factor of four with a video adapter tube (Zeiss) attached to the camera port 
of the 1nicroscope. Images were recorded with an infra-red sensitive video cam.era 
(Hamamatsu, Model <;:2400-07ER, Japan) and displayed on a monitor. Images were 
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recorded on computer with a frame grabber (Quick Capture) and software (NIH Image 
1.41). 
Whole-cell recordings were made only from neurones with cell body diameter larger 
than 20 µm (the major diameter in the elliptic outline) in the hope that these neurones were 
most likely motoneurones (Takahashi 1990). However, reliable identification of the cell 
type was not possible, even after staining and reconstruction (see Chapter 3). The 
electrodes were made from thick-wall borosilicate glass tubing (1mm inner diameter, 
1.5mm outer diameter) containing a filament so that electrodes did not have to be back-
filled. Electrode resistances were between 5 and 8 MQ for electrodes attached to the 
soma. They were filled with a solution of the following composition (in mM): giuconic 
acid 135, KCl 5, MgATP 5, MgC12 1.2, ethylene glycol-bis(~-aminoethyl ether)-
N,N,N' ,N' ,-tetra-acetic acid (EGT A) 5, N-tris(hydromethyl)methyl-2-aminoethanesulfonic 
acid buffer (HEPES) 5. This was adjusted to pH 7 .30 using KOH and the osmolarity set 
to 280-290mOsM using sorbitol. In experiments where staining was necessary, Biocytin 
(Sigma) was added at 0.5% w/v. 
The electrodes were moved with manipulators (Sutter MP285) mounted on optical 
columns (Spindler & Hoyer) with optical column clamps. The microscope was mounted 
on a sliding table so that the field of view could be moved while the electrodes were 
attached to the slice. 
Voltage clamp and current clamp were achieved using an AxoClamp 2 and 
AxoClamp 2B amplifier, one for each electrode. Sweeps were viewed on an oscilloscope 
and digitized using an AID converter (ITC 16, Instrutech Corp, Greatneck, N.Y., U.S .A .) 
attached to a computer (Macintosh Quadra 700). Data was displayed and stored to hard 
disk using AxoData (Axon Instruments) and analysed with AxoGraph (Dr. John D . 
Clements). 
Current passing and voltage clamp protocols were sent to the amplifiers through the 
DI A converters of the ITC- I 6, and were controlled by AxoData. 
Histology and Morphological Reconstruction 
In experiments in which staining had to be achieved, the electrophysiological 
measurements took between 20 and 30 minutes during which time the biocytin diffused 
into the cell. Before the electrodes were withdrawn from the cell, a video image was taken 
of the cell body and proximal dendrites. The slice was then removed from the recording 
chamber and placed in a fixative (O. IM phosphate buffer containing 4% paraformaldehyde 
and 4% sucrose) and the slices were then stored in this fixative in the refrigerator for up to 
8 weeks. They were then sent by express mail to Berne for histological processing and 
reconstruction. 
The biocytin filled cells were visualised with the Vectastain ABC Kit (Vector Laboratories, 
Burlingame, CA, U.S.A.), following a procedure described by O ' Carroll et al. (1992) and 
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which is described in Appendix 1. Upon clearing, the slices beca.me transparent and were 
mounted in the concave depression of a microscope slide in 100% glycerol. They were 
then covered with a cover slip and sealed with nail polish. The cells were then 
reconstructed within 24 hours. Reconstruction was made by means of a computer-
assisted reconstruction system (Eutectic 3D Neurone Tracing System, Eutectic Electronics, 
Raleigh, NC, U.S.A.). Each cell was represented by up to 1340 data points in three-
ilimensional space. The dendrites were assumed to be composed of short cylindrical 
segments defined by two successive data points with a diameter equal to the mean of the 
dia...rneters measured at ti1iese two points. The total dendritic membrane surface area (AD) 
was the Slh111 of the surface areas of these cylindrical segments. Since it was not possible 
to focus through the densely stained cell body to accurately measure the thickness of the 
soma, the membrane surface area of the soma (A5) was approximated by the surface of a 
prolate spheroid farmed by rotating an ellipse about its major axis using the formula: 
?nab 
As= ?nb.£. + -- arcsin(s) 
s 
where a and b denote the length of toe major and minor axis, respectively, of the ellipse 
representing the soma outline, and£= (a~ +b2) i, '"'/a .. 
Comparison of the soma outline and ilimensions of the proximal dendrites in the 
video image taken durin.£ the experiments ,,;vith the corresponding outlines foUowin,o the = ~ ~ • 0 
staining procedure shovved no evidence for tissue shrinkage.. This is consistent with 
observations on tissue shrinkage by oilier researchers using the same histological 
procedure (Thurbon et al. 19941 Ulnch et al.. 1994). The norninal resolution of the 
reconstruictiou sy stem ,vas G ..2 rui.;m determined from the error in repeated measurement of a 
. 
-
single section. 
.... 
-+8 
Chapter Three 
Passive Properties of Motoneurones 
Introduction 
For an examination of motoneurone dendritic properties, the first information needed 
was the passive parameters of the cell. For this, both single and double electrode 
recordings were made from visualised cell bodies in the ventral spinal cord and small 
current pulses were applied to produce voltage responses for the transient analysis. 
Methods 
The cell bodies were approached with two electrodes from opposing sides of the bath 
at an angle of approximately 30° to horizontal. Two Axoclamp-2 amplifiers (Axon 
Instruments, Foster City, U.S.A.) were used. First, a seal was established with both 
electrodes in voltage clamp mode. After breaking into the cell with both electrodes, both 
amplifiers were switched to current clamp mode. A long (75ms) hyperpolarising current 
pulse of -0. lnA was injected through one electrode and the bridge-balance carefully 
adjusted, using the resulting voltage transient recorded with the other electrode as a guide. 
This procedure was then repeated for the other electrode. Optimal capacitance 
compensation was assumed when the high frequency noise increased up to fourfold without 
ringing. Membrane potential was held at -65m V (in all cases holding current was less than 
-150pA). In 6 out of 11 cells no holding current was used. All cells could be made to fire 
repetitively. 
Brief ( 480µs) rectangular current pulses of -0.5nA amplitude were injected at a 
repetition rate of 3Hz through one of the two electrodes. 500 voltage transients of l00ms 
duration were recorded simultaneously with both electrodes, filtered at l0kHz, digitised at 
3 l.25KHz (32µs interval) with a 16-bit AID converter (ITC 16, Instrutech Corp., 
Greatneck, N.Y. U.S.A.) and stored on hard disk. A typical transient as recorded with the 
voltage-recording electrode is illustrated in figure 3. lA. The maximal amplitude of the 
voltage transient was always less than 3m V. After recording, data was analysed offline. 
All 500 sweeps of the cells voltage response were visually inspected for large baseline drift 
and action potentials, and any contaminated records were rejected. Thereafter the sweeps 
were averaged and the 95% confidence band computed after subtracting the average 
voltage over the entire time-course of the voltage response. Between 420 and 500 sweeps 
were used for averaging. Figure 3 .1 C shows a typical averaged transient as recorded with 
the voltage recording electrode together with its narrow 95% confidence 
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Figure 3.1. Single sweep, sub-averages and average voltage transient. A: Voltage 
response to -0.5nA, 480µs duration current pulse from cell C3-J 311, filtered at l0KHz and 
digitised at 31.25KHz (32µs sample interval). B: Four sub-averages of 100 sweeps each 
superimposed. The near perfect superposition of the four sub-averages suggest perfect 
stationarity of the voltage response over time. C: Average voltage transient of 420 sweeps 
together with the 95% confidence band. 
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band (420 sweeps). These voltage transients were then baselined to a lms region 
immediately before the onset of the current pulse response. These uncontaminated average 
transients were subsequently used as the target response for the fitting procedure in the 
compartmental models. For such a transient to be useful as a target response for estimating 
the parameter values for Rm (specific membrane resistivity), Ri (specific cytoplasmic 
resistivity) and Cm (specific membrane capacitance) from the corresponding passive 
compartmental model, one must ensure stationarity of the responses over the period 
required to acquire the 500 responses. Comparing sub-averages of 100 responses provides 
a simple test for stationarity. Figure 3.1B illustrates such a test. Four consecutive sub-
averages of 100 sweeps each are superimposed. The perfect superposition of all four sub-
averages suggests perfect stationarity throughout the duration of the experiment. 
In addition to the check for stationarity, great care was taken to ensure that the 
injected short hyperpolarising current did not activate ( or inactivate) any voltage-dependent 
currents and that the recorded transients were indeed passive responses of the investigated 
cells. Three procedures were adopted to check the linearity of the voltage response. 
(1) After collecting 500 voltage transients evoked by a -0.5nA current pulse, the 
same procedure was repeated with a current pulse of -1.0nA (duration always 480µs). The 
average transient was then scaled by a factor of 0.5 and superimposed on the average 
transient produced by the -0.Sn.A current pulse. The two transients always superimposed 
within the 95% confidence band of the small current pulse response (Fig. 3.2A). The two 
recordings were however never pooled and only the voltage transients to the -0.5nA current 
pulse were used for analysis. The near perfect superposition of the two traces add 
additional support for the stationarity of the voltage transients over the long time period 
required to acquire the transients for two different currents. 
(2) The voltage transient produced by the -0.SnA current pulse was scaled by a 
factor of -1, plotted on a semi-logarithmic scale and visually inspected for sag. In all cells 
used for analysis, the late linear part of the transient could be extended well into the 
baseline region where noise obscured the transient (Fig. 3.2B). 
(3) In 22 cells ( of which 4 cells remained in the final group) voltage clamp 
experiments were performed either with two electrodes or one electrode (15 cells with 2-
electrode, 7 cells with I-electrode) in order to compile steady-state current-voltage 
relations. In all cases, the current-voltage relation was linear over the entire voltaoe ran oe b b 
used and in most cases up to 1 Om V deviation from the holding potential at -65m V (Fig. 
3.2C). 
Since none of the three tests could reveal any contribution of voltage activated 
conductances it was concluded that the voltage transients used for final analysis were 
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indeed passive responses of the cell's membrane, at least for the small voltage deviations 
used in this test. The final analysis was based on 12 cells that were chosen for their 
complete staining with Biocytin out of a total of 39 cells from which satisfactory 
electrophysiological data were obtained. 
Two Electrode Experiments 
To further study the passive properties of motoneurone dendrites, two electrode 
experiments were performed in which one electrode was placed on the soma and the other 
electrode was placed on a dendrite. Under IR-DIC, dendrites could be seen emanating from 
the soma of a few cells in each ventral horn of the cord. Dendrites could be followed for up 
to 50µm from the soma but generally were not visible beyond this distance. This may be 
because of the thin diameter of the dendrites and the fact that they do not travel parallel to 
the surface of the slice as do the dendrites of pyramidal cells in carefully sliced neocortex 
(Stuart et al. 1993). Therefore in this study, the maximum distance from the soma at which 
electrodes could be placed on a dendrite was about 50µm. Dendritic electrodes were made 
finer to compensate for the thin dendrites to which they were attached and resistances for 
these electrodes ranged from 8-12MQ. 
While the two electrodes were attached to the cell, a current pulse of -0.5nA 
amplitude and 480µs duration was applied alternately to the somatic and dendritic 
electrodes at a membrane potential of -65m V. Voltage responses were recorded at both 
electrodes during the current pulse even though voltage artifacts were present on the current 
injecting electrode. Pulses were applied repetitively at 3Hz and 500 responses of the 
voltage were recorded. The responses at both the soma and dendrite to the dendritic and 
somatic current pulses were averaged, after excluding any noisy records. These transients 
were used for the somatic and dendritic fitting procedure described below. 
Reciprocity 
In addition, the voltage responses at each electrode were used as a test of reciprocity. 
Circuit theory dictates that in a passive electrical network, such as the dendrites of a passive 
neurone with passive membrane properties, the voltage transfer between two points in the 
network will be the same in both directions. In a passive neurone with two electrodes 
attached, this means that the somatic voltage response to dendritic current injection should 
be the same as the dendritic voltage response to somatic current injection. Therefore, if 
equal currents are injected at soma and dendrite, the responses recorded after transmission 
through the dendrite should have the same time-course and amplitude. This simple 
experiment can be used as a test for active properties in a neurone ' s dendrites. Since the 
input resistance at the dendrite is much higher than that in the soma, equal sized currents 
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Figure 3.2. Test for linearity and sag. A: Average voltage response (500 sweeps) to a 
-0.5nA, 480µs duration current pulse from cell C2-2201 superimposed with the average 
voltage response (500 sweeps) to a -1.0nA current pulse of same duration scaled by a 
factor of 0.5. The two voltage transients superimpose within the 95% confidence interval 
shown in fig. 3. IB. B: Semi-logarithmic plot of the average voltage transient (500 sweeps, 
same cell as in A) to a -0.5n.A., 480µs duration current pulse scaled by a factor of -1.0. The 
late linear portion of the transient extends well into the noisy part where the transient 
approaches the baseline again. C: Steady-state current-voltage relation as a further test for 
system linearity in the voltage range used (cell Cl-1411). Voltage steps of lmV increment 
and 30ms duration were applied and the resulting steady-state current calculated as the 
mean current in a time window of 2.0ms at the end of each voltage pulse. Holding 
potential was -65mV. 
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will produce larger voltage responses in the dendrite than in the soma. Thus if voltage-
dependent conductances are present in the section of dendrite between the somatic and 
dendritic electrodes, the dendritic current pulse should cause significantly more activation 
of these channels than the somatic current pulse and non-identical signals will be recorded. 
The results of this analysis are discussed later. It should be noted at this point, that it is 
possible to have two voltage-dependent conductances that have the similar kinetics and 
which produce opposing currents. Under these conditions, the current-voltage relation of 
the cell will still be linear and reciprocity may still hold true. 
Modelling Methods 
Combining physiological recordings and morphology of a neurone into a 
compartmental model of that cell has been described in detail by a number of researchers 
(Clements & Redman 1989, Segev et al. 1989, Major et al. 1994, Rapp et al. 1994, 
Thurbon et al. 1994, Ulrich et al. 1994). The common goal is to build a passive electrical 
model of the neurone and find its values of Rj, Rm and Cm. This is achieved by closely 
matching the voltage response of the model for a given current pulse at the soma to the 
experimental voltage transient generated by the same current pulse (assuming uniform 
passive membrane properties). 
The simulator NEURONE (Hines 1993) was used running under Windows95 on a 
90MHz Pentium based computer. An integration time step of 25µs was used. The fitting 
algorithm used to match the model's responses to the experimental target transients is 
supplied by NEURONE as a tool and is based on minimising a least square error function. 
The cell's morphology coded in a Eutectic file format _was translated by a computer 
program called CABLE into a file which could be used directly as an input file to 
NEURONE specifying the three-dimensional morphology of the reconstructed cells. Each 
dendritic section was subdivided into segments of 1 0µm length or smaller. 
Onset and Duration of Fit Interval 
The early part of the voltage transient is most sensitive to the value of R (Fig. 3.3B), 
whereas the later part of the transient is most sensitive to the value of Rm (Fig. 3.3C) and a 
possible soma shunt conductance (Fig. 3.3D). The amplitude and shape of both the late and 
eady part of the transient is important for extracting Cm (Fig. 3.3A). 
The selection of the onset and end of the fit interval is therefore very crucial for the 
validity of the parameter values. The duration of the fit interval was chosen to be 2·'tm. If a 
much longer fit interval is chosen (e.g. 3·'tm) too much weight is placed on fitting the late 
part of the transient while neglecting the short early part of the target response with a 
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subsequent error in the estimated parameter values. Long fit intervals require long 
simulation times as well. More crucial than the length of the fit interval however is the 
selection of its onset time. If the voltage transient is recorded with the current injecting 
electrode (Major et al. 1994, Rapp et al. 1994, Thurbon et al. 1994, Ulrich et al. 1994), the 
early part of the transient is heavily contaminated with the electrode artifact, even if the 
capacitance neutralisation is optimally adjusted. Major et al. (1994) have made a very 
careful analysis of the pipette artifacts and have chosen the onset of the fit intervaJ to be 
2.5ms after the end of the current pulse. Using a second electrode for passing the current 
minimises the voltage artifact on the recording electrode. Since the geometrical 
arrangement between the two electrodes was designed to minimise cross capacitance ( 180° 
separation in the horizontal plane, 120° separation in the vertical plane and an interposed 
earthed objective lens between the electrodes) the artifact caused by coupling capacitance 
was negligible. Even with well compensated electrodes (both capacitance and bridge) the 
two simultaneously recorded voltage transients could deviate for more than 20ms following 
the end of the current pulse (Fig. 3.4A). In this case, even a delay of 2.5ms after the onset 
of the current pulse could not avoid artifact contamination in the early part of the target 
transient (Fig. 3.4B). Using the voltage transient recorded with the second electrode as the 
target response overcomes this problem. However, there is still a remaining artifact caused 
by the residual uncompensated capacitance of the current electrode, which must be charged 
by the current pulse in addition to the membrane capacitance. Thus, the current actually 
supplied to the neurone is not a rectangular pulse, but a filtered pulse that is maintained for 
an unknown duration following its nominal end. Figure 3.4C compares the experimental 
voltage transient with the model response. It shows that the experimental transient is 
delayed by approximately 200µs in comparison to the model response (which uses a perfect 
rectangular current pulse). In this study, the onset of the fit interval was chosen to be 2.5ms 
after the beginning of the current pulse in order to avoid this artifact. 
This selection is somewhat arbitrary, but it prevents us from overestimating R i· The 
same onset of the fit interval was applied if the voltage transient recorded with the current 
injecting electrode was used as the target response. 
Fit Acceptance and Precision of Parameter Estimation 
In a first run fits were accepted if they lay within the narrow 95% confidence band 
around the average time-course of the experimental target transient (Major et al. 1994). 
Accepted fits were further analysed in terms of the residuals between experimental 
transients and the fitted model response. 
The calibration of the entire data acquisition, analysis and modelling chain (i.e. 
amplifiers, AID-converter, modelling and fitting software) was carefully checked using a 
resistor-capacitor network connected to the head stage of the Axoclamp-2 amplifiers, 
57 
58 
A cm 
-65 ,---
I - - --_-:-·---~---~_=:------ -
66.4 ~ ~ 
- ~ 2.0µF/cm' > 67.8 
E 1.5 µF/cm2 
-E 69.2 '/ 
\( . 1.0 µFlem' > · 
70.6 
-72 
0 IO 20 30 
Time (ms) 
C Rm ----=c . 
-65 ,----, ----------:::~.- _::::~:::~----
' -------~------1 - , ______ 
66.4 i 
.._ .2r I E (I.} I 
> L 70.6 I 
! 
I 
-72 
0 IO 
7.5 Kncm2 
10 Kncm2 
20 
Time (ms) 
30 
B Ri 
-65 1 
I 
66.4 1-
I 
-
I > . ~ ------100 ncm E 67.8 : /, ..._ i 
/'~2ooncm I ~ @"T 300 ncm 
70.6 
-72 
0 10 20 30 
Time (ms) 
D g-sh 
-65 ,---- ---, 
I 
66.4 ;-
> 67.8 ~ E 
..._ 
E @.2 
> 
70.6 >-
-72 '---
0 
-----------::::::-----::~---,~~ 
10 20 
Time (ms) 
0.0 nS 
0.5 nS 
1.0 nS 
30 
Figure 3.3. Influence of the values of Rm? Cm, Ri and somatic shunt conductance (g-sh) on 
the shape of the voltage transient. Voltage response of a model (C2-2201) to a current 
pulse ( 480µs, -0.5nA) applied to the soma. A: Influence of different Cm on the shape of 
the voltage transient (Rm=5KQ.cm2, Ri=l00Q.cm). The early as well as the late part of the 
transient is affected. B: Influence of different Ri on the shape of the voltage transient 
(Rm=5KQ.cm2, Cm=l.5µF/cm2). Only the very early part of the transient is affected. C: 
Influence of different Rm on the shape of the voltage transient (Ri= 2 00 Q. cm, 
Cm=l.5µF/cm2). Only the late part of the transient is affected. D: Influence of different 
somatic shunt conductances on the shape of the voltage transient (Rm=l0KQ.cm2, 
Ri=200Q.cm, Cm=l.5µF/cm2). The early part of the transient is not affected. 
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Figure 3.4. A: Comparison of the voltage transients recorded simultaneously via the 
current injecting electrode ( dotted line) and via the second, voltage recording electrode 
(solid line). The current-on and -off artifacts are clipped. The two curves only 
superimpose after about 20ms from the end of the current pulse. B: Same recording as in 
A but with expanded time scale. Arrow OF indicates onset of fit interval. C: Comparison 
of experimental voltage transient (solid line) with model response ( dotted line) to the same 
current pulse at the completion of the fitting procedure. Oc, onset of current pulse, OF, 
onset of fit interval. The experimental transient rises more slowly than the model transient 
and is delayed by approximately 200µs, due to the fact that the current first has to charge 
the electrode capacitance and thus is no longer a rectangular pulse when charging the 
membrane capacitance. 
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and a corresponding computer model. The recovered values for the resistance and 
capacitance were well within the tolerance of the components used (1 % resistor, 5% 
capacitor). 
The performance of the fit algorithm was tested extensively. For several 
reconstructed cells compartmental models were built. Values for Rm, Ri and Cm were 
assumed and incorporated into the model. A voltage transient was then generated by 
injecting a brief (480µs) current pulse (amplitude -0.SnA) into the soma of the model and 
this was thereafter used as the target function for the fit algorithm. The parameter search 
was started from many different initial values (up to 100% difference from the true values). 
The parameter search always converged to precisely the same values, which very closely 
corresponded to the true values. independent of the initial values (Table 3.1). This high 
precision in estimating the parameters from a noise-free transient might not be expected 
from an experimental, inherently noisy transient. In order to test the influence of the noise 
on the precision of the parameter search, noise-free transients were generated from models 
with assumed values for Rm, Ri and Cm. 500 sweeps of experimental baseline noise were 
averaged and added to the noise-free transient. This "noisy" transient, produced by a model 
with known Rm, Ri and Cm was then used as the target function for estimating the above 
parameters. Again, independent of the starting values, the true parameters were recovered 
with a very high precision (Table 3.1). Even when the noise amplitude was multiplied by a 
factor of 10 (simulating a worst case scenario), the "true" values of the parameters of the 
model could still be recovered, and the algorithm always converged to exactly the same 
numbers (Table 3.1). With this procedure, we could never detect a local minimum in the 
parameter search. Five to ten millisecond long pieces of the noise were then randomly 
shuffled and the fitting procedure repeated with the same initial parameter values. The 
differences in the recovered values of the three parameters were very small, even in the 
case where the experimental noise amplitude was multiplied by a factor of 10 (Table 3.2). 
Two such experiments are illustrated in figure 3.5. Cell C2-2201 was used for 
constructing the model. The "true'' parameter values and the corresponding values of the 
estimated parameters are listed in table 3.1. Figure 3.SAl uses as a target response the 
model's response with added experimental noise. In figure 3 .SB 1, the noise amplitude is 
multiplied by a factor of 10. In both cases, the fit superimposes the artificial target 
response perfectly, and the responses cannot be distinguished. The corresponding residuals 
are plotted in figures 3.5A2 and B2, respectively. The residuals are equally distributed 
around the fit. This analysis suggests that the estimated parameter values from a noisy 
experimental target transient are correct within a very narrovv range around the true values, 
if stationarity in the target response can be ensured, and if the assumption of homogeneous 
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Table 3.1: Parameter identification is independent of start values. 
Parameter "true" value noise-free I noise x 1 I noise x 10 
2 
10,000xRm (Q.cm) 1 1.00008 1.00007 1.00072 
l00xRi (Q.cm) 2 1.9965 1.9948 1.9473 
2 
Cm (µFlem) 1.5 1.4997 1.4994 1.4937 
Cell C2-121 l-96 was used for the model. A noise-free transient was generated with known 
parameters for Rm, Ri and Cm. The parameters were then estimated by directly fitting the 
model's response to this noise-free target response. In a second run experimental noise was 
added to the noise-free transient and was used as the target response. The parameter search 
was repeated for increased noise contribution (factor 10). Each search was repeated 4 times 
with widely different initial values for 10,000xRm, l00xRi and Cm. For each noise level, 
the search always converged to exactly the same numbers independent of the start values. 
The parameters Rm and Ri were always scaled versions of the actual values estimated. 
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Figure 3.5. Influence of the recording noise on the precision of parameter estimation. 
First, a noise-free voltage transient ,-vas generated from a model cell (C2-2201) with known 
parameters for Rm, Ri and Cm by injecting a current puise into the soma ( 480µs, -0.SnA). 
Experimental noise was then added to the transient. This noisy transient was used as the 
target response to which the model 's response was fitted, and the onset of the fitting 
interval is indicated by the arrows. Al: Target and fit superimpose perfectly ( only one line 
can be seen), and the estimated values for the three parameters are very close to the "true" 
values (see Table 3.1). A2: Residuals between the target response and the fit illustrated in 
Al. Bl: The amplitude of the noise in the target response is ten times larger than in Al. 
Fit superimposes the target response perfectly and the estimated values for the three 
parameters are still very close to the "true" values (see Table 3.1). B2: Residuals between 
the target response and the fit illustrated in Bl . 
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Table 3.2: Influence of noise on the estimated parameter values. 
I 
Parameters "true" start End values end values end values 
values values 
10,000xRm (Q.cm2) 1 2 1.0008 0.9984 1.0007 
lOOxRi (Q.cm) 2 1 1.9473 2.0534 1.9493 
Cm (µF/cm 2) 1.5 1 1.4937 1.5095 1.4939 
Cell C2- 1211-96 was used for the model. A noise-free transient was generated with known 
parameters for Rm, R: and Cm. Experimental noise multiplied by 10 was added to the noise-
free transient and was used as the target response. The parameters were then estimated by 
directly fitting the model's response to this target response. For each of the three different 
parameter searches, new noise was generated by shuffling 5 to 1 Oms long pieces of the 
baseline noise. 
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passive cable properties incorporated into the model is indeed correct. This procedure for 
testing the accuracy of the fitting algorithm does not solve the problem of possible non-
uniqueness of the solutions, because different sets of parameter values may fit the transient 
equally well within the boundaries given by the 95% confidence band (Major et al. 1994, 
Rapp et al. 1994). This problem becomes obvious when additionai parameters are 
introduced to the model, such as a shunt conductance at the soma. In these cases, it has 
been shown (see Fig. 3.10) that the residuals are not equally distributed around the model's 
transient. If the assumptions of the model do not correspond to reality (e.g. non-
homogeneous passive membrane properties exist) a distinct pattern in the distribution of the 
residuals can be expected. 
This extensive analysis of the performance of the fitting algorithm first suggests that 
high frequency noise in the voltage transients does not degrade significantly the values of 
the estimated parameters; second, that the parameters can be estimated with very high 
accuracy, and third, that inspection of the residuals may provide additional information 
about the correctness of the assumptions underlying the model if, and only if the 
stationarity of the recorded voltage transient over time can be guaranteed. These factors, 
together with the fact that the confidence band was always very narrow , and many of the 
"optimal" fits just grazed the upper or lower limits of the confidence band (always in the 
very early part of the transient) , led us to abstain from exploring the parameter space 
systematically in order to find upper and lower limits on the estimated parameters. We 
believe that the model parameters obtained from the "optimal" fit are very close to the 
"true" model values and are compatible with an adequate description of the experimental 
voltage transients. 
Determination of L avg 
The electrotonic length, LDP, of each dendritic path of length xi is given by 
N 
"""D.x· 
LDP = ~ ___.!., 
i = I A; 
where 
l\,j=~·-¾ 
2R I 
and ~xi is the length of the i 'th compartment such that xi=N~j, and~ is the radius of the 
i ' th compartment. 
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Results 
Morphology 
Twelve cells were selected for morphological analysis from a total of 39 cells. The 
selection criterion was an apparent complete staining of the distal dendrites. Cells are 
labelled as either presumed motoneurones or interneurones. Figures 3.6 and 3.7 show 
examples of one presumed motoneurone and one interneurone, respectively. All cells were 
located in the ventral half of the spinal cord slice. During the experiment, tentative 
identification of motoneurones was based on the size of the cell body. After staining and 
reconstruction, additional identification criteria were the dendritic morphology, precise 
location of the cell body and axon trajectories. Large cells were found that sent their axons 
to the contra-lateral side, indicating that they were interneurones. Size and location of cell 
body is not sufficient for positive identification of motoneurones . The large neurone 
illustrated in figure 3.6 was located in the motor nucleus, extending its dendrites over a 
large area of the ventral horn. Although its axon could not be identified with certainty, it 
was tentatively classified as a motoneurone. The large neurone depicted in Figure 3.7 is 
located closer to the central canal, extending its axonal branches into the ventral horn. 
From its location and axon trajectory it was classified as an interneurone. Unfortunately, 
the electrophysiological properties of the cells could not be used for positive identification 
as well. Input resistance and action potential characteristics as well as other 
electrophysiological criteria were insufficient to positively identify cells. 
As can be seen from inspection of figure 3.6E and 3.7E, a substantial portion of the 
dendritic tree was severed during the slicing process. This cannot be avoided because, 
unlike cortical pyramidal neurones or Purkinje cells, the dendritic tree of rat lumbar spinal 
neurones extends almost radially from the cell body (Chen & Wolpaw 1994). Selecting 
cell bodies deep in the slice would keep more of the dendritic tree intact. Impaired 
visibility of the cell body, however, made such an approach impractical. Table 3.3 
summarises the morphological characteristics of the 12 cells analysed. Because all the 
dendrites had a smooth surface without spines or swellings, the surface area of the neurones 
could be estimated accurately , although the measured diameter values of the distal 
dendrites were affected with considerable uncertainty due to the limited resolution of the 
reconstruction system. 
The average ratio of dendritic surf ace area to somatic surf ace area (A0 / As) was 
4.25+2.0 I (SD, range 2.1-8.4 ), indicating that the somatic surface area contributed 
significantly to the total membrane surf ace area of the cell. In cells ·with no truncated 
dendrites, this ratio might be higher by a factor of up to two times. The small ratio of 
A0 / As and the absence of spines make these cells well suited for modelling and cable 
parameter identification. 
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Table 3.3: Morphological data 
Cell Type Fit A~ An n-ste1n d-stem n-end mbo 
d 312 I-tot maj-ax min-ax Ar/As 
C3- J 1 J l MN yes 1287 3052 8 3.1 10 3 0.86 856 38.14 13 2.4 
C2- J 21 1 MN yes 788 6597 3 5 14 7 I. I 2270 22 13 8.4 
CJ -131 ) MN yes I 128 6887 7 3.3 J6 5 0.84 3056 23 17 6.l 
· · ~f 1 i, i"'f>'%' , :i ,, ' ! ·'Y,}' {' ~: i~ '!lo: ·:d\ •·~\!.' I \ ''• lt ,' g > rJ)1 j) ll11,,, ~- ~ ••"' , , ~l, w , jf ' ,\, ;( ' ,'J ii l~I " t~l  ' irl! l , .. ·1~1 f'.". ,' ' . -~, ' 1./ ) :,ii} ~1,2] 3'3 /i/iWQi!•~~ Iii· l,l_:(if-11 • ,-~ > '• 
',:i ~ ,/ ,,, ''] '';'< I~'. •at·~. ,,, 244S>, .r{'. , ' '2't ,lfk2 9 ,, 
~- liti.!). .~ '-', ·• :W 
' . :v;eStmi;; ., ,.•fl 9, ij ~\ ,,,,, ·~ ~ 'r!I w ,,, },, .. ; I 11:t :-' 3 . I•. ,Ql$..8.. ; ,\, i111 'W;' f .~ : mi.@J:~'. Ja1Ltlw• ' 
fl, ,f.rt }i.l 
~'( . '.. "_, .. _r~YJ,jf:'t' t ,' } ,( .. ·;, 1 , ~ ,;ff·!, nO:'.!!f." fs;,,, • 'itlb. ,· ,, • ;.,_ , u. ~· !-1~\r J • - ' :v ., ,' " 
- . A:_ f.tt, lJ'JW' ~ J; 
Cl -1411 IN yes 2230 10431 6 4.2 38 6 0.96 5905 38.9 21.I 4.7 
·:'.:oJE:-2 t~if ~~ ' . 'f i ~- ci!si ,, . ,0v.:b" .~,\• y1, ,:·::,'", 
,,, 
··r .. ---·--
"1~265J~ ... ! I[ ···, ·· ~ · jj ····- ... '" ·- ·- I llii4~f "''\W<, ,. . {i. tvlhf ';, :w.e;l \~@ it ;1.mm ,3,, ,, Ii" lr,~''0 96 ' ' ' ) /j)Jf I , 1 l ~, ) ~ f"., ~ '/~ •.'' ;, '! 9 ,ll'• '· 21 ·5 . 31~, ., ';. 22f'Jr 5-'2~!1' 
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. ,,; ·« 
,.,,ft 1 ii' ,,.. . 
C2-2 l01 MN yes 1824 5825 4 5 16 5 0.81 2760 28 22.2 3.2 
C3-2101 IN yes 1724 ) 1824 3 7.1 24 7 1.19 4545 32.6 19.2 6.9 
'"<IDfi 1~011t: 11"' ,IN ,' , ' (~ •; ~- ~~·-~i J} • I.ft. • I •
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C2-1002 IN yes 2906 9067 5 5.9 9 3 0.89 2809 39.8 26 3.1 
C3-I 002 MN yes 3524 7544 6 5 18 5 0.95 2727 45.3 28 2.1 
Mean 1972.25 7486.67 5.50 4.35 16.67 4.58 0.92 3018.58 32.95 20.65 4.25 
SD 863.87 2752.77 1.68 1.36 8.19 1.56 0.14 1296.98 7.06 5.54 2.01 
MN, presumed rnotoneurone; IN, presu,ned interneuone; Fit, gave sati factory fit at the 95% confidence level; As, so,natic 1ne1nbrane 
surface area (µn..2); A0 , dendritic membrane surface area (µ,n 2); n-ste,n, nu,nber of stein dendrites; d-stern, ,nean dendritic stein 
diameter (µrn); n--end, nu,nber of dendritic terminals; 1nbo, 1naximu1n branch order; d312, ,nean Rall's ratio; I-tot, total denclrit'ic path 
length (µ,n) ; maj -ax, soma major axis (µm); rnin -ax, so,na minor axi (µrn). Shaded rows indicate the cells which ren1ained in the 
final analysis, 
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Figure 3 .6. Morphology, cell location within spinal cord and reconstruction of cell 
C2-1211, a presumed motoneurone. A: Photomicrograph of the cell stained with Biocytin. 
B: location of the stained cell within the spinal cord slice. C: Reconstructed cell body and 
proximal dendrites with the numbering of the proximal dendrites and axon. The axon could 
not be identified. D: Reconstructed cell in the frontal plane. E: Reconstructed cell in a 
sagittal view (stippled lines mark the upper and lower surface of the slice). F: 
Dendrogram of the cell illustrated. 
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Figure 3.7. Morphology, cell location within spinal cord and reconstruction of cell 
C 1-1411, a presumed interneurone. A: Photomicrograph of the cell stained with Biocytin. 
B: Location of the stained cell within the spinal cord slice. Note the axon trajectories 
extending towards the ventral horn of the spinal cord slice. C: Reconstructed cell body 
and proximal dendrites with the numbering of the proximal dendrites and axon. Neurite no. 
1 corresponds to the axon. D : Reconstructed cell in the transverse plane. E: 
Reconstructed cell in a frontal view (stippled lines mark the upper and lower surface of the 
slice). F: Dendrogram of cell illustrated. 
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Electrophysiological Measurements 
Electrophysiological data were obtained from 39 cells. The data of the 12 cells for 
which satisfactory morphological data was available are presented here. Table 3.4 indicates 
the input resistance and membrane time constant for each of these cells. 
All cells could be made to fire repetitively. All of them could sustain high 
frequencies up to 350Hz. The spike frequency at the beginning of the train increased 
linearly with increasing current. No secondary range could be observed as has been seen in 
other preparations. Frequency adaptation over the period of current injection (250ms) 
ranged from almost no adaptation to almost complete adaptation. Following morphological 
reconstruction, we were unable to associate putative motoneurones or interneurones with 
the degree of frequency adaptation; i.e. cell type could not be determined on the basis of 
frequency adaptation. 
Compartmental Models 
Compartmental modelling was used to estimate values of Rn, Ri and Cm by directly 
fitting the model's voltage response to the experimentally obtained target response. This 
exercise depends on several assumptions. Stationarity, linear scaling, and the absence of 
sag in the experimental voltage response to a brief current pulse at the soma could all be 
tested for adequately. However, the additional assumption of homogeneous membrane 
properties could not be tested experimentally. Therefore, the possibility remains that the 
wrong models were fitted to the experiments with severe consequences on the validity of 
the estimated parameters. In an attempt to evaluate mode] adequacy, an analysis was made 
of the residuals between the optimal fit and the experimental target responses and these 
were compared to the residuals obtained by fitting known, but inadequate models to 
transients generated by models with homogeneous membrane properties. In a first run, fits 
were accepted if they did not escape the 95% confidence band (Major et al. 1994). 
Thereafter the shape of the residuals was inspected and the results classified accordingly. 
Optirnal Fils and Parameter Values 
Of the 12 ceHs analysed~ 10 produced acceptable fits as judged by the confidence 
band test. Table 3.5 summarises the values obtained for Rm, Ri, and Cm. 
The mean optimal Cm of 2.28µF/cm 2 is about 3 times higher than the value 
determined in a similar study on hippocampal pyramidal cells (Major et al. 1994). Mean Ri 
was 224Q.cm and Rm was 9.23KQ.cm2• Of the three values Cm is probably the most 
reliable, because it is the most robust parameter in the fitting procedure. Ri is the least 
reliable parameter when using a single electrode~ because it is mostly determined by the 
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Table 3.4: Passive electrical parameters. 
Cell I Type RN (MQ) 'tm (ms) 
C3-1111 I MN 162 18.1 
C2-1211 I MN 384* 29.4 
Cl-1311 I MN 85 14.0 
C2-2101 I MN n.a. 13.8 
C3-2101 I IN 64 7.0 
C2-1002 I IN 29 4.5 
C3-1002 I MN 104 21.5 
Mean 88.33 15.28 
SD 39.31 7.41 
RN, input resistance calculated from long hyperpolarising current pulses, * slope resistance 
estimated from IV curves.; 'tm, membrane time constant equated to system time constant 
(t'o). 
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Table 3.5: Summary of the electrical parameters obtained from direct optimal fits between 
model and experimental responses. Fits accepted by the ,.__,95% confidence band test. 
Cell Tvoe I #-Et I Rm (KQ.cm2) I Ri (Q.cm) I C F/cm2) I Fit interval 
C3-l l 1 l MN 1 8.79 152 2.11 2.5/35 
C2-1211 MN 1 26.54 482 1.3 2.5/60 
Cl-1311 MN 1 6.28 338 2.3 2.5/30 
C3-1002 MN 2 9.77 541 2.6 2.5/40 
Mean 9.23 224.30 2.28 
SD 6.45 171.78 0.54 
#-EL One or two electrode experiments; Rm, membrane resistivity: Ri, cytosolic resistivity; 
Cm, membrane capacitance: Fit interval: first number: onset of fit interval after beginning of 
current pulse (ms), second number; duration of fit interval (ms). The four cells highlighted 
passed the final test for model adequacy. 
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initial part of the transient, the part that is also affected the most by electrode artifacts. 
Depending on the onset time of the fit interval, some of the artifact might have been 
included (if the interval started too early), or alternatively, valuable information was lost if 
the fit interval started too late. As long as no somatic shunts are allowed in the model, Rm 
is robust and not affected by electrode artifacts. 
Other possible sources of errors will be explored later in the discussion section of 
this chapter. 
The results summarised in table 3.5 could be divided into two groups as judged by 
the distribution of the residuals between the target response and the optimal fit Three 
examples of optimal fits with evenly distributed residuals are shown in figure 3.8. Tlhe left 
column in figure 3.8 (Al, Bl and Cl) illustrate that the experimentally obtained target 
response (fine line) and the model response (thick line) superimpose perfectly. The 
corresponding residuals between target response and model response are shown in the right 
column of figure 3.8 (A2, B2 and C2) together with the 95% confidence band. In four of 
the ten cells the residuals were equally distributed around the model response as shown for 
the three cells in figure 3.8. This even distribution of the residuals suggests that the three 
parameter, homogeneous model was a very good description of the real cells. 
In 6 out of 10 cells the residuals, albeit within the 95% confidence band, showed a 
characteristic time-course. As an example, two of these cells are illustrated in figure 3.9. 
Since it has already been shown that the experimental voltage transient is stationary, 
superimposes linearly, and is devoid of sag, thus avoiding spurious curvature in the average 
target response, the characteristic shape of the residuals suggests that the model used in the 
fitting procedure was not adequate. Non-homogeneous membrane properties are a likely 
cause of these residuals. 
An obvious and most likely candidate for membrane inhomogeneity is a less than 
perfect seal at the electrode tip or a genuine low membrane resistivity of the soma. The use 
of two electrodes is more likely to introduce a somatic leak conductance than when one is 
used. Unfortunately, when a fourth parameter (gshunr representing a somatic leak 
conductance) is introduced into the model as a free parameter, non-uniqueness in the 
solution becomes a very serious problem, as others have already noted (Major et al. 1994). 
We have performed an extensive analysis of the four-parameter model with artificial target 
responses from models with known parameters. Since variations in gshunr and Rm lead to 
changes in the shape of the model voltage response that are virtually indistinguishable (see 
Fig. 3.3) almost any reciprocal pair of parameter values for Rm and gshunt will result in 
acceptable fits. In principal, gshunt can vary from zero up to the cell's total input 
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Figure 3.8. Optimal fits of three cells leaving a flat distribution of the residuals. The cell's 
average target responses to brief current pulses (-0.5nA, 480µs) are shown as fine solid 
lines, whereas the optimal model responses to the same current are shown as thick solid 
lines. Al: Cell Cl-2101, a presumed motoneurone. Bl: Cell C4-2201, a presumed 
interneurone. Cl: Cell C2-2201, a presumed interneurone. A2, B2 and C2 show the 
corresponding residuals together with the 95% confidence band. The residuals are blanked 
from the onset of the current pulse to the onset of the fit interval. 
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Figure 3.9. Optimal fits of two cells with a distinct time-course of the residuals. Al: Cell 
C2-121 l, a presumed motoneurone. Bl: Cell C2-2101, a presumed motoneurone. A2 and 
B2: Corresponding residuals and 95% confidence band. The residuals are blanked 
between the onset of the current pulse and the onset of the fit interval. The residuals stay 
within the confidence band but display a characteristic time-course. 
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conductance and still yield acceptable fits. As gshunt increases, Rm increases up to extreme, 
implausible values. 
In the six cells, where the residuals were not evenly distributed, we allowed gshunt to 
drift away from zero. A range of values for gshunt between 0.1 and 6.3nS was found. In all 
six cases, the mean squared error of the fit decreased as expected, but the time-course of the 
residuals did not even out as in figure 3.8. We must conclude, that we have no reliable way 
to prove whether a significant somatic shunt is present or not. Although the introduction of 
gshunt leads to a major uncertainty in the estimation of Rm, the uncertainty in the estimated 
values for Cm and Ri is not large. Because of these difficulties and the uncertainties 
introduced by a fourth parameter we abstained from further exploration of the contribution 
of a somatic shunt on the parameter values, and we present the results as obtained from the 
three parameter, homogeneous model. We must keep in mind, however, that if a somatic 
shunt were present in the six cells with a characteristic time-course in the unevenly 
distributed residuals, Cm and Ri would have been overestimated slightly. 
The introduction of any other additional parameters for taking into account membrane 
inhomogeneities would probably lead to similar non-uniqueness difficulties. With respect 
to these difficulties, a search for models that would have eliminated the characteristic time-
course in the residuals would probab]y have been a wasted effort. However, we have 
attempted to identify the most likely model that, if used to fit the target transient, could 
explain the specific time-course of the residuals. 
Taking the morphology of cell Cl-2101, artificial, noise-free transients were 
generated for known parameter values of Rm, Ri and Cm and their inhomogeneous 
distribution. The following inhomogeneities were considered: Rm-soma lower or higher 
than Rrr.-dendrite, Cm-soma lower or higher than in the dendrites, Ri in the soma and 
proximan dendrites lower or higher than in the distal dendrites. The six transients from 
these four-parameter models were then used to fit the voltage response of a three-
parameter, homogeneous model. In all six cases, the fits were virtually indistinguishable 
from the target responses (within 95% confidence limits) but with characteristic 
distributions in the residuals (Fig. 3.10). The corresponding estimated values for Rm, Ri, 
and Cm are listed in table 3.6 
Unfortunately, the time-course of the residuals resulting from fitting the 'wrong' 
models to the target responses do not contain a unique signature that would allow 
unequivocal identification of the 'wrong' model. Comparing the shape of the time-courses 
of the residuals in figure 3.9 with the residuals in figure 3.10 however suggests that the 
model with a higher somatic membrane resistivity (Fig. 3.10A2) leads to a distribution of 
the residuals compatible with the results illustrated in figure 3.9. Although this exercise 
82 
Table 3.6: Estimated parameters obtained from deliberately fitting a wrong, homogeneous, 
3-parameter model to target transients obtained from an inhomogeneous, 4-parameter 
model. 
Inhomogeneous Model 
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The target transient was generated from a model with inhomogeneous membrane properties 
( 4-parameter model). The parameter values deviated from the homogeneous model by the 
properties listed in the six columns (inhomogeneous model). The parameters Rm, Ri and Cm 
were estimated by deliberately assuming a homogeneous, 3-parameter model. 
83 
Al I I A2 0.010 
0.010 
.......... 
.......... 
> 0.005 
>0.005 
E E ...__... 
...__... 
en en 
- 0.000 ~ 0.000 I I I I l co 
:::, 
:::, 
-0 -0 (l) 5 ~ 15 20 25 
--
·-
en en tE -0.005 (1) cc-0.005 
-0.010 -
-0.010 
Time (ms) Time (ms) 
Bl 0.010T . I B2 0.010 I I ' ' I I ,I I I 
.......... > 0.005 .......... > 0.005 
E E 
...__... ...__... 
en en 
co 0.000 co 0.000 
:::, :::, 
-c -c 
-- --en en 
Cl) 
a: -0.005 
Q) 
a:-0.005 
-0.010 Time (ms) -0.010 Time (ms) 
Cl 0.010 C2 0.010 ·I 
.......... > 0.005 ....-... > 0.005 
E E 
...,_.. ...__... 
en en 
cij 0.000 cij 0.000 
:::, :::, 
"'O "'C 
·-
•-en en 
(1) 
a::-0.005 
(1) 
a:-0.005 
84 
-0.010 
. Time (ms) -0.010 Time (ms) 
Figure 3.10. Residuals resulting from fitting a model with homogeneous cable parameters 
(3-parameter model) to a noise-less target response generated by a known model with non-
homogeneous cable properties (4-parameter model). Cell Cl-2101 was used for the model. 
The following basic parameters were incorporated: Rm=l0KQ.cm2, Ri=200Q.cm, 
Cm=l.5µF/cm 2• A: Fit residuals from fitting a 3-parameter model to a target response 
produced by a model with non-homogeneous membrane resistivity. Al: Soma membrane 
resistivity lowered to 5KQ.cm2• A2: Soma membrane resistivity increased to 20KQ.cm2• 
B: Fit residuals from fitting a 3-parameter model to a target response produced by a model 
with non-homogenous membrane capacitance. Bl: Soma capacitance lowered to 
1.0µF/cm2• B2: Soma capacitance increased to 2.0µFlcm2 • C: Fit residuals from fitting a 
3-parameter model to a target response produced by a model with non-homogeneous 
cytoplasmic resistivity. Cl: Cytoplasmic resistivity of soma and proximal dendrites 
decreased to l00Q.cm. C2: Cytoplasmic resistivity of soma and proximal dendrites 
increased to 300Q.cm. 
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might push the analysis too far, inspection of the estimated- parameter values in table 3.6 
clearly reveals that, even in the case of an inadequate model, the retrieved parameter values 
are close to the values of the underlying homogeneous model. In addition, the values listed 
I 
in table 3.6 illustrate whether a particular parameter value has been over- or underestimated 
with regard to a particular inhomogeneous model. 
The analysis presented above illustrates that Riis the most sensitive parameter to very 
large errors if one tries to fit the wrong model to the target response. In contrast, the 
estimated value of err. turned out to be the most robust and most reliable. This has an 
intuitive explanation in the fact that the shape of the voltage transient is influenced over the 
entire time-course by Cm, unlike for Rm (late part only) or Ri (early part only) (see Fig. 3.3). 
Previously-, a Cm value of 4µF/cm 2 was reported by Barrett and Crill (1974). More recent 
investigations (Clements & Redman 1989, Burke et al. 1994) have pointed out that these 
high values of Cm were the result of neglecting a somatic shunt conductance. The 
introduction of a somatic shunt lowered Cm close to the generally accepted value of 1.0 
µFicm2• In order to evaluate this possibility, Cm was fixed to l.0µF/cm 2 and Rm, Ri and 
gshunr (soma) became free parameters in the model. In all cases (n=4) no acceptable fits 
could be obtained as evaluated by the 95% confidence test. In addition, gshunt always 
converged exactly to the value of the cell's input conductance with a concomitant 
exorbitantly high value of Rm(> 1GQ.cm2). Ri settled at impossible values of SQ.cm. We 
must conclude, that omitting a somatic shunt conductance does not explain the high value 
of Cm found in our study. 
It is possible that we have missed the most distal dendrites in the reconstruction. In 
order to evaluate the contribution of possibly missed distal dendrites to the estimated 
parameter values. we attached to all existing dendrites of a reconstructed cell I00µm long 
terminal sections, with a diameter tapering from 0.5 to 0.1 µm. This increased the total 
dendritic path length by 17% and the total surface area by 5.3%. This substantial 
elongation of the distal dendrites changed the retrieved parameters only slightly. Cm was 
lowered by less than 7 %. Since we have no reason to suspect that we have missed such a 
large part of the dendritic tree in the reconstruction process, we conclude that an incomplete 
reconstruction would cause insignificant overesti1nation of Cm. 
As a result of the extensive evaluation of the fitting procedure presented above~ we 
conclude that the parameter values of the optimal fits obtained from the four cells in which 
the residuals were evenly distributed around the target transient (highlighted rows in table 
3.5), represent the most likely values for Rm, Ri, and Cm (summarised in table 3.7). 
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Passive Electrotonic Structure 
The mean electrotonic path length (Lavo) for the four cells remaining after the analysis 
0 
detailed above was 0.69±0. l0A (range 0.84-0.63). Due to the slicing, many dendrites were 
cut a short distance from the soma. The electrotonic path length of individual dendrites was 
therefore very different, e.g. ranging from 0.016 to 1.25A, in cell C3-1311 . The fact that 
many dendrites were severed during the slicing process leads to an underestimation of 
mean Lavo compared to Lavo in the intact spinal cord. If only the uncut dendrites are taken 
0 0 
into account, mean Lavo would be 0.85±0.14 (12 dendrites of 4 cells). 
0 
The input resistances as measured experimentally are compared to the input 
resistances of the models and listed in table 3.7. In the same table, the experimentally 
obtained membrane time constants are compared to the system time constants of the model 
with the corresponding parameters of Rm, Ri and Cm. There is a very close correspondence 
between the experimental and modelling results. This strengthens our conclusion, that the 
final mean values estimated for the parameters Rm=5.34±0.91KQ.cm2 (SD)~ 
Ri=86.5+21.83Q.cm, and Cm=2.35+0.47µF/cm 2 provide an adequate description of the 
cable properties of the four cells listed in table 3.7. 
Fitting Transients from Two Electrodes 
Two approaches to fitting the recorded transients to the reconstructed morphology 
were used. In the first, the optimum electrotonic parameters were obtained for the 
responses generated at the dendritic electrode for the current pulse applied at the soma, and 
then for the response at the soma due to the dendritic current pulse. Sometimes they 
differed. The second approach was to obtain optimum fits to both transients 
simultaneously. 
These procedures were carried out only for one single cell , C 1-2 708. The 
motoneurone morphology illustrated in figure 3.1 lA, with the electrode positions indicated 
in figure 3.1 lB (dendritic electrode approximately 20µm from the soma) was used together 
with the brief current pulse responses illustrated in figures 3.11 C and 3.11D, to calculate 
the optimum electrotonic parameters. The optimal fit to the voltage response at the 
dendrite due to current applied to the soma is shown in figure 3.1 lC and gave optimal 
electrotonic parameters of Rm=2.8KQ.cm2, Cm=l.4µF/cm2 and Ri=285Q.cm. When the 
procedure was reversed and the somatic voltage response to dendritic current injection was 
used as the target transient, then the optimal electrotonic parameters were Rm=2.2KQ.cm2, 
Cm=l.7µF/cm 2 and Ri=186Q.cm. These values are close to those obtained for the dendritic 
transient and this indicates that the membrane properties of the dendrites, at least those 
20µm from the soma, are not greatly different from the somatic properties. When both 
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Figure 3.11. Fitting of transients from somatic and dendritic recordings. A: Morphology 
of cell Cl-2708 from which combined somatic and dendritic recordings were obtained. B: 
Reconstructed cell body and proximal dendrites of Cl-2708 showing the location of the 
recording electrodes. C: Compartmental model fitted transient (dotted line) to the 
dendritic voltage transient (grey line) produced by application of a current pulse ( 480µs, -
0.5nA) to the soma. Vertical dotted lines shows the fit interval. The fit falls within the 
95% confidence band (not shown) for the transient and gave Rm =2.8KQ.cm2, 
Cm=l.4µF/cm2 and Ri=285Q.cm. D: Compartmental model fit (dotted line) of the somatic 
voltage transient (grey line) produced by application of a current pulse ( 480µs, -0.5nA) to 
the dendrite. Vertical dotted lines show the fit interval. The fit is within the 95% 
confidence band (not shown) of the transient and gave Rm=2.2KQ.cm2, Cm=l.7µF/cm 2 and 
Ri= 186Q.cm. Fitting of both transients simultaneously (not shown) produced similarly 
good fits to the transients and gave parameter values that were midway between those for 
the individual fits (Rm=2.4KQ.cm2, Cm=l.5µF/cm2 and Ri=205Q.cm). 
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Table 3.7: Electrical parameters obtained from compartmental computer modelling and comparison to the experimental results for the four 
cells finally accepted. 
Cell Type Rm R-I cm 'tm (Mod) -rm (Exp) RN (Mod) RN (Exp) Lavg 
(KQ.cm2) (Q.cm) (µF/cm 2) (ms) (ms) (ms) (ms) 
C3- l 3 l l MN 4.24 119 2.7 11.7 11.7 70 64 1.18 
Cl-2101 MN 5.96 78 1.7 I 0.1 9.7 92 93 0.61 
C2-2201 IN 4.95 77 2.3 11.4 11.9 107 127 0.68 
C4-2201 IN 6.20 72 2.7 16.7 15.9 67 67 0.63 
Mean 5.34 86.50 2.35 12.48 12.30 84.00 87.75 0.78 
SD 0.91 21.83 0.47 2o90 2.60 18.96 29.23 0.27 
-
R111 , membrane resistivity; Ri, cytosolic resistivity; ~n1' membrane capacitance; 't111 (Mod), membrane time constant obtained from the model; 
't111 (Exp), membrane time constant obtained from the experiment; RN (Mod), steady-state input resistance of the model cell; RN (Exp), 
steady-state input resistance of the real cell; Lavg, mean electrotonic dendritic path length. 
0 
0\ 
responses were used as target transients for the fit procedure the electrotonic parameter 
values converged to values which were midway between those obtained for each of the 
single transients and gave parameter values of Rm=2.4KQ.cm2, Cm=l.5µF/cm 2 and 
Ri=205Q.cm. The optimal fit to both the transients was within the 95% confidence limit of 
both of the transients and this indicates that there is no significant difference between the 
dendritic and somatic membrane properties. The fact that the two transients, when fitted 
individually, gave different results may be indicative of inhomogeneous passive membrane 
properties. However, the small separation of the electrodes in this experiment C-20µm) and 
the fact that fitting both transients simultaneously produced modelled responses that fell 
within the 95% confidence limits of the experimental transients, makes any attempt to 
reconcile any differences in membrane properties impossible. 
Test for Reciprocity 
Reciprocity between the somatic response to dendritic current injection and the 
dendritic response to somatic current injection is a test for linearity of the transfer 
impedance between the two recording sites. To test if signal transfer between the dendrites 
and soma was reciprocal, current pulses of 480µs duration were applied to the soma and 
dendrite of a ventral spinal neurone and the responses recorded at the other site. In figure 
3.12, the voltage response at the soma to a dendritic current pulse (Fig. 3.12C) and the 
voltage response at the dendritic electrode to an identical somatic current pulse (Fig. 3.12B) 
are shown. The locations of the two electrodes on the reconstructed cell are shown in 
figure 3.12A and the separation of the electrodes is 20µm. The two responses are 
superimposed in figure 3.12D, and they each lie within the 95% confidence limits of the 
other voltage transient, indicating that there is no significant difference between the two 
responses. This suggests that the transmission properties of the dendrite between the soma 
and the dendritic recording electrode are reciprocal and that the membrane resistivity is 
passive for small, rapid hyperpolarising excursions from -70mV. It was impossible in this 
experiment to use a current pulse that produced identical voltage responses in both soma 
and dendrite. As can be seen in figure 3.12C, the somatic voltage response is 
approximately 7mV while the dendritic voltage response to the same current pulse is 
approximately 35m V. Obviously, such a large hyperpolarising voltage deviation as this 
could cause significant activation/deactivation of dendritic voltage-dependent conductances 
if the kinetics are sufficiently fast. However, using a smaller dendritic current pulse to 
produce an identical voltage deviation in the dendrite to that in the soma would have 
resulted in somatic transients that were too small to be recorded reliably. 
Regardless of this though, the responses at both sites were still reciprocal and fitted 
within the 95% confidence limits of each other, indicating that even if 
91 
A B 
( 
0 
>-2 
E 
........., 
~ -4, 
; : 
\ ! 
-6-i ~ ~ t 
·t 
5 1 0 1 5 20 25 
Time (ms) 
' 
IOOµm 
C D 
oh 0 
/ 
i 
} 
- -> > 
E E 
........., 
--1 
>-20 > 
-<I -<I 
~: -2 
~: 
~ 
I 
-40 
5 1 0 1 5 20 25 5 1 0 1 5 20 25 
Time (ms) Time (ms) 
92 
Figure 3.12. Test for reciprocity. A: Morphoiogy of cell Cl-1203 showing the location of 
the somatic and dendritic electrodes. B: Somatic (grey line) and dendritic (black line) 
voltage transients produced by application of a current pulse ( 480µs, -2.0nA) to the soma of 
the cell shown in A. C: Somatic (black line) and dendritic (grey line) voltage transients 
produced by application of a current pulse (480µs, -2.0nA) to the dendrite of the cell shown 
in A. D: Superposition of the somatic (black line) and dendritic (grey line) responses to 
current injection at the dendrite and soma respectively. The transients fit within their 95% 
confidence intervals (not shown) indicating that signal transfer between these two sites was 
reciprocal. 
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activation/deactivation of dendritic voltage-dependent conductances does occur, it is not 
sufficient to affect voltage transfer. 
Reciprocity was examined in 8 neurones with separations between soma and dendrite 
varying between 16 and 45 µm and current steps varying from +2.0 to -2.0nA (usually -0.1 
or -0.2nA). In all 8 experiments, reciprocity in the responses was observed. In 3 of these 8 
cells, reciprocity was tested with depolarising pulses. Since reciprocity was still observed 
in these cells, it must be concluded that there is no difference in the activation/deactivation 
of voltage-dependent ion channels with either hyperpolarising or depolarising current 
pulses. 
Discussion 
The search for the passive membrane properties and cytoplasmic resistivity of 
motoneurones has a long history (Rall et al. 1992). Technical innovations in 
electrophysiological measurements or morphological reconstructions have provided the 
impetus to improve on the inadequacies of previous measurements and this investigation is 
no exception. Previous measurements of the cable properties of motoneurones have had to 
contend with distortions to the analysis caused by electrode artifacts and tissue shrinkage. 
In this study, we have eliminated the latter, and minimised the former, by using an in vitro 
slice preparation and whole-cell recording with two electrodes, one for voltage and the 
other for current. In each of four neurones, the voltage response to a brief current pulse 
could be matched very precisely to the transient generated by a compartmental model for 
that neurone, based_ on the three parameters Ri~ Rm and Cm. Each of these parameters was 
most sensitive to the voltage response over different time periods, providing an important 
element of uniqueness in their determination. In six other neurones for which high quality 
morphological reconstruction and electrophysiology was obtained, the same precision in 
matching the model transient to the neurones responses could not be achieved. The mean 
( +SD) values for Rm and R: for these neurones ( 11.8+6. 7KQ.cm2 and 316+ 151 Q.cm, 
respectively; n=6) were not significantly different from the corresponding values for the 
four precisely modelled neurones (5.3±0.9KQ.cm2 and 87±22Q.cm; n=4), using a modified 
t-test for unequal variances (Snedecor & Cochran 1967). Similarly, the difference in the 
membrane capacitance was not significant (2.2+0.6µF/cm2, n=6 compared with 
2 2.4±0.4µF!cm , n-4) for the two data sets. 
Identification of Motoneurones and Interneurones 
It became clear that large neurones in the ventral horn could not be reliably identified 
as motoneurones , as the axons of some of these neurones crossed to the contralateral side. 
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These neurones must be interneurones. Only rarely could the axon be foHowed to the 
ventral root exit region and the neurones with these axons were classified as motoneurones. 
When the axon trajectory could not be fallowed, cell identification was not reliable. As 
there appeared to be no systematic difference between the cable parameters for putative 
motoneurones and intemeurones, the results for both neurone types have been combined. 
Passive Cable Parameters 
CYTOPLASMIC RESISTIVITY (Ri = 87 + 22 Q.cm). 
The lower limit of this parameter is 43Q.cm, based on the resistivity of a solution 
combining 50mM NaCl and 1 l0mMKCl in 1 % agar at 37°C (Clements & Redman 1989). 
As the chloride concentration in the cytoplasm is low, electrical neutrality is preserved by 
large negatively charged macromolecules. These less mobile charge carriers, and the 
presence of organelles, cytoskeletal elements and charge binding, should result in Ri being 
well in excess of this value. The only reported direct measure of Ri is 70+ 15Q.cm in 
mammalian motoneurones (Barrett & Crill 1974). More recently, investigations using 
combined morphological reconstruction and single electrode recording from a variety of 
neurone types have reported Ri values in the range of 70 to 520Q.cm (Shelton 1985, 
Clements & Redman 1989, Major et al. 1994, Thurbon et al. 1994, Ulrich et al. 1994). Ri 
may vary for different types of neurone if the proportion of non-conducting elements in the 
cytoplasm varies. It may also be reduced by dialysation, as the large cytoplasmic 
molecules will be diluted by the electrode solution. 
-The estimate for Ri is most sensitive to the initial part of the voltage decay (Fig. 
3.38), and it is this region of the response which is most affected by capacitive artifacts. 
Measurements using a single electrode technique are more affected by this artifact than are 
two electrode measurements, as charging and discharging the capacitance of the current 
electrode distorts the voltage transient at early times. When two electrodes are used, 
provided there is negligible coupling capacitance between them, the only distortion 
remaining arises from low-pass filtering of the current pulse by the capacitance of the 
current passing electrode. This results in a non-rectangular current pulse entering the 
neurone, and it will cause an error in the calculation for Ri. Its effect is minimised by 
delaying the time at which the voltage transient is modelled. None of the single electrode 
measurements in this study (Table 3.5) resulted in ideal fits to the model, and all of them 
resulted in higher values of Ri than those obtained for the four ideal results. 
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2 
MEMBRANE RESISTIVITY (Rm = 5.3 + 0.9 KQ.cm ) 
Reliable determination of this parameter represents a major challenge, even with the 
improved techniques used in this investigation. The main difficulty is that the presence of a 
leak conductance at the soma can give an artificially low value of Rm if the leak 
conductance is ignored (Fig. 3.3, C and D). When both Rm and somatic shunt parameters 
are introduced into the compartmental model, equally good fits are obtained for a large 
range of shunt conductance and an inversely large range of Rm. While the electrode seal 
resistance is known before the somatic membrane is ruptured, changes to this seal 
resistance may occur after rupturing the patch under the first electrode. Any leak 
conductance caused by rupturing the patch under the second electrode will be detected in 
the holding current of the first electrode, and the experiment discontinued if this occurs. In 
addition, the holding current must not increase during the recording. Even when these 
requirements are met, there is no secure way of knowing the leak resistance associated with 
the first electrode. For all the calculations documented in table 3.5, the leak conductance 
was assumed to be zero and this may cause an underestimate of Rm. 
Values of Rm reported for other neurones when caesium was not present to block the 
resting potassium conductance range from 7 to 220KQ.cm2 (Major et al. 1994, Thurbon et 
al. 1994 ). When caesium was present in the electrode solution, Ulrich et al. ( 1994) 
. 
2 
reported a value of Rm=l 7.5KQ.cm for cultured motoneurones. As for Ri, different 
neurone types may have very different resting conductances and hence different values of 
Rm. 
2 
MEMBRANE CAPACITANCE (Cm = 2.4 + 0.5 µFlem ). 
This parameter was the most robust of the three in the fitting procedure. Major 
departures from uniform membrane resistance did not alter Cm very much from its true 
value (Table 3.6). Thus, the only potential source of significant error would be in the 
determination of membrane surface area, which trades off with the estimated value of Cm. 
A linear scaling of each compartment by a factor of 1.5 for both length and diameter would 
reduce Cm by a factor of 2.25, with a concomitant increase of R1 by 50 % (following the 
method given in Major et al. 1994). Such a correction of the morphology would lead to a 
2 
value of Cm close to the commonly assumed value of 1.0µF/cm (To conserve "tm, Rm must 
change correspondingly). The calculation of the surface area is relatively simple for 
motoneurones. They do not have spines, which can make surface area calculations very 
difficult, and their dendrites branch infrequently. The histological procedure did not cause 
shrinkage, as video images of the soma and proximal dendrites taken at the beginning and 
end of the experiment provided an independent check on cell dimensions \. as ·weH as any 
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possible swelling of the cell during the experiment. Therefore, we consider an 
underestimation of the total surface area by a factor of 2.25 as most unlikely. 
The value obtained for Cm is very different from the value of lµF/cm 2 commonly 
assumed for neuronal membrane, and from the values obtained for other neurone types by 
similar fitting procedures to those used in this experiment (1.1 +0.2µF/cm 2 for cultured 
? 
motoneurones, Ulrich et al. 1994; 0.7+0.8µF/cm- for CA3 pyramidal cells, Major et al. 
1994). Other investigators using combined morphology and electrophysiological 
measurements on motoneurones have reported a wide range of values for Cm (2µF/cm2, Lux 
et al. 1970; ·2-4µF/cm2, Barrett & Crill 1974; 1.8 µF/cm2, Nitzan et al. 1990). The 
capacitance of a 5.7nm thick membrane with a lipid/protein mix depends critically on the 
proportion of protein present. Assuming a 50/50 composition (Alberts et al. 1989; Ch 6), a 
dielectric constant for protein of 30 (Smith et al. 1993) and for lipid of 2 (Fettiplace et al. 
1971), the membrane capacitance would be 2.3µF/cm 2• If the protein component differs in 
different cells or in different regions of a cell, cell-to-cell variability and non-uniform 
distributions in Cm might be expected. 
Gentet et al. (2000) have made direct measurements of capacitance in various cell 
types, including neurones of the spinal cord, using nucleated patches. For spinal neurones, 
the specific membrane capacitance was found to be 0.85+0.07 µFlem 
2 (SD, n=8). As 
mentioned above, the method used in this chapter is particularly subject to errors caused by 
inaccuracies in estimating membrane area from the morphological reconstruction, 
particularly at the soma where the three-dimensional shape of the soma cannot be 
determined. This is important as it is the soma capacitance that dominates the cell's voltage 
response to transient currents at the soma. However, it is unlikely that the soma area would 
be overestimated by about 2.8 times (2.4/0.85) so it must be concluded that the iow value of 
Cm obtained by Gentet et al. (2000) cannot be explained here. 
Fitting Transients from Two Electrodes 
The procedure in which the somatic and dendritic transients were used as target 
responses for the fitting procedure gave results that indicate that dendritic membrane 
parameters are similar to those of the soma, at least for distances up to 20µm from the 
soma. When each of the transients was fitted individually, the fitted parameter values were 
not significantly different. Rm was slightly higher and Cm slightly lower in the dendritic fit 
while Ri was higher. The reasons for these differences are difficult to reconcile and there 
are two conceivable sources for the observed differences in the somatic and dendritic 
parameters. Firstly, the dendritic membrane parameters may be genuinely different to those 
of the soma and could explain the differences between the two fits. Secondly, the different 
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membrane parameters recovered from the dendritic fit may have been caused by differences 
in leakage conductances at the two electrodes. Since the two transient fit procedure has 
only been performed on one cell , little can be said about differences between the fits 
obtained at either electrode. 
It is also possible that differences in the electrical characteristics of the somatic and 
dendritic electrodes could also be responsible for the different parameters. The finer 
electrodes used for dendritic recording have a higher capacitance and a larger access 
resistance and produce larger electrode artifacts during current injection. As has already 
been noted (see Fig. 3.4) , the effect of the electrodes could never be fully compensated in 
this experiment. Figure 3.4 shows that the capacitance of the current injecting electrode 
filters the injected current pulse and delays it by about 200µs, which is a significant delay 
considering that the total width of the current pulse was only 480µs. The higher 
capacitance of the dendritic electrode would mean that the current pulse would be more 
heavily filtered and delayed for longer than it was for a somatic electrode and would 
continue to pass current for longer once the current pulse turned off. This would cause the 
voltage response to have greater amplitude during the early decay phase and a more rapid 
decay than for a somatic electrode. Judging from figure 3.3 , such changes in the voltage 
response would give parameter fits in which Cm was overestimated and Rm and Ri were 
underestimated, which is exactly what is found for the dendritic fit, suggesting that this 
may be the case. However, we did not perform a similar analysis to that in shown in figure 
3.4 and so it is impossible to say how much contribution the dendritic electrode had to the 
differences in parameter estimation between soma and dendrite. 
It is possible that the dendritic membrane properties are different to those of the 
soma, but the small electrode separation in these experiments means that it is difficult to 
say just how representative the dendritic fit may be of the dendri tic properties at distances 
greater than 20µm from the soma. When fitting was performed usin.g both transients as 
targets for the fitting procedure , the values of Rm~ Cm and R1 fell in between the values 
obtained by fitting each transient separately. This indicates that the although there may be 
a difference between the membrane properties of the soma and dendrites, the fitting 
procedure is too insensitive to be able to detect this using 95% confidence intervals as the 
fit criterion. All that can be said is that electrode capacitance plays ·a role in the differences 
that are seen but may not fully explain them. 
Reciprocity 
The test of reciprocity in ventral spinal neurones provided evidence that the transfer 
of small rapid voltage excursions between soma and proximal dendritic locations is passive. 
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Even in cells where unusually large dendritic transients were generated, such as for the 
dendritic transient in the cell illustrated in figure 3.12 ( ,.__,35m V), the reciprocity test still 
produced traces that superimposed. Such a test is indicative that somato-dendritic voltage 
transfer is reciprocal. It is impossible to say if this would be true for locations further from 
the soma, but it is certainly true for distances up to 45µm from the soma. It is still possible 
however, that a balance of opposing voltage-dependent conductances with identical kinetics 
could produce such reciprocity and this cannot be ruled out. 
Electrotonic Profile of Motoneurones 
In figure 3.13A, cell Cl-2101 is drawn in real length units (µm). The same cell is 
redrawn with four different length scalings in figure 3.13B, C, D and E. The relative scales 
correspond to the electrotonic characteristics of the dendrites for current spreading from the 
dendrites towards the soma (Fig. 3.13B for steady-state current and Fig. 3.13C for 50Hz) 
and for current spreading distally from the soma (Fig. 3.13D for steady-state current and 
Fig. 3.13E for 50Hz). The scale bar corresponds to the distance over which the attenuation 
is e- 1, which is equivalent to one length constant, A. This electrotonic transformation is 
described in Carnevale et al. (1997). Figure 3.13 illustrates dramatically how a neurone 
may be relatively compact electrotonically for DC voltages applied to the soma, but heavily 
attenuates AC currents spreading centrally from the dendrites. As fast synaptic potentials at 
their dendritic site of generation can peak in about 0.Sms, and effectively terminate in about 
l0ms, their frequency spectrum ranges from 25 to 500Hz. Figure 3.13 indicates that while 
large regions of the dendritic tree will be reasonably well clamped for DC potentials, this 
will not be true for fast voltage transients generated in the dendrites. The rapid decay of 
synaptic potentials as they spread from dendrites to soma is illustrated below in a more 
conventional way. 
Simulation of Synaptic Input 
Synaptic input was simulated as a conductance change in the form of an a-function 
with a time-to-peak of 0.3ms. In figure 3.14A an excitatory postsynaptic potential (EPSP) 
is plotted as recorded from the dendritic site dl, where the conductance change was 
applied, together with the same EPSP as it reaches the soma. As suggested by the 
electrotonic transform in figure 3 .13, the EPSP decrements very rapidly as it spreads 
towards the soma. In figure 3.14B three EPSPs recorded from the soma are shown. They 
were elicited by the same conductance change applied either to the soma (s), to the 
proximal dendritic location (dl), or to the distal dendritic location (d2). In figure 3.14C the 
EPSP amplitude is plotted against its 10-90% rise-time as measured at the soma for the 
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Figure 3.13. Electrotonic transforms for cell Cl-21 OJ, a presumed motoneurone. A: Line 
drawing of the reconstructed neurone. B: Electrotonic profile for the cell depicted in A for 
a DC potential applied to different sites on the dendrites as it decays towards the soma. C: 
Same as in B but for the application of a 50Hz sine wave signal instead of a DC signal. D: 
Electrotonic profile of the cell in A for a DC signal applied to the soma as it decays to 
different sites on the dendrites. E: Same as in D but for a 50Hz sine wave. The scale bar 
is the distance over which the voltage attenuation is Ile, which is equivalent to the length 
constant, A. Note different scale bars for the upper and lower pairs of cells. 
101 
A B 
-
. 
-> i > E 
-45 ~ E 
-
-I 
a, i /d1 
Cl) 
"O 
-55 ~ "O -63 ,-::, ::J ...., - I I "' / d 1 C. 0. E E ! I / ......______ ¥'-,.. / d2 ro C'O -64 -I 
0.. I 0.. I (j) Cf) I 
0.. ! 0.. I 
w i ! w 
-65 -- - --·-•- -65 
0 5 10 15 20 25 0 5 10 15 20 25 
Time (ms) Time (ms) 
C D 
3.5 14 
3 12 
-
-
(J) 
(J) 2.5 E 10 E 
-
-
.c 
a, 2 - 8 E "'O 
:;:; ~ 
I 1.5 ~ a, 6 (J) C'O 
0::: :::r: 1 4 
0.5 2 
0 I I I I 0 
0 1 2 3 4 0 1 2 3 4 
EPSP amplitude (mV) Rise-time (ms) 
102 
Figure 3.14. Simulated EPSPs and shape index plots for cell Cl-2101 with the passive 
membrane properties as listed in table 3.7. Synaptic input was simulated by a conductance 
change in the form of an a-function ( a -1 =0.3ms, gmax=l 0nS , reversal potential=0.0m V , 
delay=l.0ms). A: A conductance change with the above parameters was applied to the 
location dl (inset), and the resulting EPSP recorded simultaneously from the same location 
and from the soma are plotted superimposed. Note the very large decrement of the voltage 
transient from its site of generation to the soma. B: EPSPs recorded from the soma for a 
synaptic conductance change applied to the soma, location dl and d2. C: Scatter plot of 
EPSP amplitude versus rise-time. Filled symbols represent EPSPs simulated along one 
particular dendritic segment (heavy line and marked with arrows in the inset of A). D: 
Scatter plot of 10-90% rise-time versus half-width. In C and D synaptic input was applied 
to every segment of the compartmental model for the cell. 
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EPSP generated in each compartmental segment of cell Cl-21 OJ, with an identical 
conductance change. The scatter plot illustrates the strong attenuation of the EPSPs as their 
rise-times increase. The large scatter in the data points is explained by different 
termination and branching conditions in different dendrites. The filled symbols following a 
smooth sigmoid curve represent EPSPs generated along one particular dendritic segment 
(thick dendrite marked with the arrows in the inset of figure 3.14A). Figure 3.14C further 
illustrates that a wide range of EPSP amplitudes (150µV-3.2mV) can be observed at the 
soma for synapses of equal strength (and generating a peak amplitude of 3.2mV when 
applied at the soma) distributed over the entire dendritic tree. Figure 3 .14D plots the EPSP 
10-90% rise-time versus half-width as measured in the soma for EPSPs of equal strength 
generated in every segment of the model. The filled symbols represent the shape index of 
EPSPs generated on one particular dendrite, highlighted in the inset of figure 3.14A. 
The Passive Motoneurone 
A long standing issue in modelling passive motoneurones (as well as other neurone 
types) has been how to interpret the somatic shunt, and in particular whether this was an 
artifact of electrode penetration or a genuinely low somatic membrane resistivity. Spruston 
and Johnston (1992) reported that the input resistances of the principal hippocampal 
neurones were 3 to 10 times higher when measured by perforated patch compared with 
intracellular electrodes, indicating the shunt was a result of electrode damage. In other 
recent whole-cell recordings of voltage transients and cable analysis in hippocampal 
neurones , a somatic shunt has not been required (Major et al. 1994, Thurbon et al. 1994). 
Similarly , the best fitting results in this investigation did not require a somatic shunt, 
indicating a uniform Rm for motoneurone somata and dendrites. However, the possibility 
that Rm (and the other cable parameters) varies along dendrites remains open, as somatic 
measurements give limited resolution of dendritic membrane properties. 
Stuart and Spruston (1998) have perform.ed similar fitting of experimentally 
generated voltage transients in pyramidal cells of the neocortex using whole-cell recordings 
from the soma and dendrites of these cells in combination with the reconstructed 
morphology. They were able to get greater resolution of the dendritic membrane properties 
using this method. They found that Ri in their cells (70-l00Q.cm) was similar to the values 
obtained here. They also found that a sigmoidally decreasing dendritic Rm gave the best fits 
to their data. Furthermore, this non-uniform Rm was caused by high densities of resting 
conductances in the distal apical dendrites of thei r cells~ particularly Ih. Thus~ the non-
uniform dendritic resting conductances produce a "leaky'~ dendrite that increases signch 
attenuation in the dendrites of these cells. 
104 
The values of Rm and Ri confirm previous descriptions of the electrical compactness 
of motoneurone dendrites for DC signals (Fleshman et al. 1988, Clements & Redman 1989, 
Ulrich et al. 1994), with dendritic lengths of 0.85+0.14A. However, as dendritic 
attenuation off ast synaptic events is more sensitive to Cm than it is to Rm (Spruston et al. 
1994), revising Cm from 1 to 2.4µF/cm 2 implies a much greater dendritic attenuation. The 
example in figure 3 .14 indicates peak attenuations of 20-30 fold for a fast synaptic 
conductance on the distal dendrites. 
A large Cm value has several implications for the integrative behaviour of the 
neurone. It will be more difficult to support an antidromic action potential by inward 
currents. If a somatic action potential spreads into the dendrite passively, it will attenuate 
more rapidly. Synaptic potentials generated in fine dendrites will not be as large at their 
site of generation, and will decay more rapidly. This will provide for greater linearity in the 
summation of synaptic potentials in dendrites. Finally, dendritic synaptic potentials will be 
filtered more heavily, making it more difficult to bring the motoneurones to firing 
threshold. 
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Chapter Four 
Action Potential Propagation in Motoneurone Dendrites 
Introduction 
Interest in backpropagating action potentials has grown recently due to studies 1n 
synaptic plasticity that suggest that the action potential could play an important role in 
learning. Backpropagated action potentials can provide the depolarisation necessary to 
relieve the Mg 
2
+ block of the NMDA receptor allowing it to conduct Ca 2+ ions when 
activated by glutamate (Magee & Johnston 1997, Koester & Sakmann 1998). This Ca2+ 
influx triggers a cascade of cellular events which lead to modification of synaptic efficacy 
(Yuste & Denk 1995, Koester & Sakmann 1998, Schiller et al. 1998, Yuste et al. 1999). 
Dendritic voltage-dependent ion channels may also play a role in modifying the 
amplitude and time-course of dendritically propagated synaptic potentials (Magee & 
Johnston 1995b, Wilson 1995, Tsubokawa & Ross 1996, Hoffman et al. 1997, Stuart & 
Spruston 1998, Magee 1999, Williams & Stuart 2000b). Additionally, if voltage-
dependent ion channels are present at sufficiently high density , then they may produce 
regenerative events similar to the action potential (Spruston et al. 1995). These dendritic 
action potentials are usually of smaller amplitude and longer time-course than the axonal 
+ 
action potential (e.g. Fujita 1989). They may be caused by either Na conductances 
(Regehr et al. 1992, Stuart & Hausser 1994, Spruston et al. 1995, Golding & Spruston 
2+ . . 
1998) or Ca conductances (Schiller et al. 1997, Golding et al. 1999, Larkum et al. 
1999a). These dendritic action potentials could reset the dendritic membrane potential for 
a short time after the spike has occurred, eliminating any synaptic potential summation that 
may have occurred up to that time. This strategy could be important for processing 
synaptic inputs. Dendritic regenerative events may also be important for initiating the 
action potential by amplifying synaptic depolarisations and propagating them to the axon 
where they can trigger an action potential (Stuart & Sakmann 1995). In some cells such 
as neurones of the substantia nigra (Hausser et al. 1995) the axon arises from the 
dendritic tree rather than from the soma and dendritic action potentials may be important 
for initiating axonal action potentials in these cells. 
Generally, studies of dendritic ion channels have shown a great deal of heterogeneity 
between cell types and this indicates that the results of one cell type cannot be transferred 
to another cell type. Therefore, until the complexities of dendritic active properties are 
better understood, it is unsafe to make any generalisations about the role these channels 
play in the integration of synaptic potentials in neurones of different types and the 
propagation and initiation of action potentials. 
Early work to try to define the ionic channels present in the motoneurone were 
simple experiments that attempted to determine the contribution of these channels to the 
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action potential waveform. Walton and Fulton ( 1986) demonstrated the presence of 
dendritic Ca 2+ action potentials and Na+ action potentials in neonate rat motoneurones. 
They also showed that a Ca
2
+ dependent K + conductance (IKcca2+)) was present, which is 
responsible for the majority of the afterhyperpolarisation and is the major determinant of 
firing rate in these cells. A voltage-gated Ca 
2
+ current is required to activate this 
conductance and blockade of this current with Cd
2
+ reduced IKcca2~) and increased action 
C 2+ . 1 potential firing rates. However, they also noted that the a current decreased as an1ma s 
became older and Ca
2
+ action potentials were only detectable in 3-5 day old rats after 
+ 
application of potassium blockers such as TEA or Cs . They also observed small all-or-
none dendritic action potentials in motoneurones of young rats (3-5 days) and in older rats 
after application of Cs+_ These action potentials had faster rise-times than the dendritic 
Ca2+ action potentials and could be blocked by TIX, indicating that they were sodium 
dependent. These findings suggest that neonatal motoneurones generate Na+ and Ca
2
+ 
dependent events at separate anatomical sites, probably in the dendritic membrane and that 
2+ . 2+ . 
the Ca component decreases with age. The early Ca currents may be important for 
determining synaptic efficacy in the early stages of motor development. 
Clements et al. (1 986) found that internal injection of TEA into cat motoneurones 
increased the amplitude of dendritically generated EPSPs and prolonged their time-
courses, while it had no effect on somatically generated EPSPs. This suggested the 
presence of a dendritic potassium channel that reduced EPSP amplitude and time-course. 
Takahashi ( 1990) has examined the potassium currents present in neonate rat 
motoneurones. This work showed that neonate rat motoneurones have three predominant 
types of potassium conductance; a Ca
2
+ dependent potassium channel (IKcca'.?+)), a delayed 
rectifier (IDR) and an A-type potassium conductance (IA). Takahashi (1990) also attempted 
to examine the contribution of these potassium conductances to the action potential 
waveform. In neonatal motoneurones, blockade of the A-current markedly prolonged the 
action potential at the soma (Takahashi 1990). It was therefore concluded that in neonatal 
rat motoneurones IA is the major contributor to action potential repolarisation. 
Measurements of K · channels in motoneurone dendrites have not been made, 
however a whole-cell and patch-clamp study of potassium channels in the somata of rat 
motoneurones (Safronov & Vogel 1995) found that the most predominant potassium 
current in the motoneurone soma is the A-current, at least in young rats. A delayed 
+ 
rectifier is also present, along with the voltage-activated Na channel. This differs from the 
axonal potassium channels of rat motoneurones which have been shown to contain three 
types of delayed rectifier with varying kinetics and that none of these corresponds to the 
A-current (Roper & Schwarz 1989, Safronov et al. 1993). These results suggest that the 
A-current is preferentially distributed in the motoneurone soma. This will tend to dampen 
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backpropagating action potentials while still allowing EPSPs to propagate to the axon 
initial segment. 
Direct measurement of the backpropagation of the action potential in motoneurone 
dendrites has so far only been peiformed in motoneurones cultured from young rats (e.g. 
Larkum et al. 1996). In this study, organotypic cultures of spinal cord were used as the 
experimental preparation. Somatic and dendritic recordings were made with the dendritic 
electrode at distances varying from 30 to 423 µm from the soma. It was found that the 
amplitude of the backpropagated action potential was much larger than would be expected 
for passive attenuation calculated from a simple passive model of the motoneurone. 
Addition of TIX reduced the dendritic action potential amplitude to that expected for 
passive propagation. This indicates that there is a Na+ channel that amplifies the action 
potential within motoneurone dendrites. Also, addition of QX-314 to the dendritic 
electrode solution gradually abolished the amplification of the backpropagated action 
potential and reduced it to the level expected for passive propagation. However this active 
backpropagation was not present in all celJs and in some cases, it was found that action 
potential backpropagation followed a purely passive decay. To answer the question of 
whether different dendrites of the neurone could have different conduction properties, 
Larkum et al. ( 1996) also used optical recordings of membrane potential using the voltage 
sensitive dye di-8-ANEPPS. Propagation of action potentials and of hyperpolarising 
pulses was compared to determine whether action potentials were conducted differently to 
passive signals in different dendrites. It was found that action potentials declined on 
average 12.5% less than hyperpolarising pulses, confirming that action potentials are 
indeed actively backpropagated. Furthermore, the results varied for each dendrite, 
indicating that it is possible for different dendrites of the same neurone to have differing 
ability to propagate action potentials. Larkum et al. (1996) suggested that the Ca2+ influx 
associated with the backpropagating action potential might be important as a retrograde 
signal to regulate the motoneurone's computational ability. 
Hsiao and Chandler ( 1995) have peiformed experiments to determine the 
characteristics of the A-current in guinea pig trigeminal motoneurones. They found 
similar results to those of Takahashi ( 1990). Blockade of the A-current resulted in 
prolonged action potentials and changes in threshold membrane potential. 
In summary, there is much evidence that voltage-dependent ionic current are present 
in the membrane of motoneurones and that many of these currents are localised in the 
dendrites of these cells. However, apart from the work of Larkum et al. 1996, there has 
been little done to further define the dendritic ionic currents of motoneurones. The 
experiments presented here are the first experiments ever peiformed in which 
motoneurone dendrites are recorded from in vivo. 
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Methods 
Recordings 
Experiments were performed as in Chapter 3 for the two electrode experiments 
although some modification of the experimental procedures was made. 12-14 day old 
rats were used rather than 7-15 day old rats. This age range was chosen to reduce 
developmental differences between the recorded cells and to ensure the use of the most 
developed cells that could be obtained while still maintaining viability of the tissue. 
In these experiments, one electrode was placed on the soma and the other on a 
dendrite up to 50µm from the soma. Cells were presumed to be motoneurones. However, 
as was mentioned in Chapter 3, the electrophysiological properties of the cells were 
identical and did not allow the cell type to be determined. Positive identification requires 
staining of the cells and observation of the morphology and axon trajectory. Even in 
stained cells, the axon may not be visible and the identification is uncertain. For these 
reasons, staining was not performed in this Chapter and cells were presumed to be 
motoneurones. In any one slice, dendrites could be clearly seen in only a few cells within 
the ventral horn, even using IR-DIC. This is probably because the dendrites of 
motoneurones rarely lie in the same plane as the slice, unlike the primary apical dendrites 
of neocortical and hippocampal pyramidal cells. Electrodes could not be placed further 
from the soma than 50µm because of difficulties in visualising the thin dendrites of these 
cells beyond that distance and attaching a patch pipette to them. The soma electrode was 
attached first, followed by the dendritic electrode, as it was found that the somatic electrode 
was less prone to detach during explorations with a second electrode. Electrodes were 
filled with the same gluconic acid based solution that was used in Chapter 3. Electrode 
resistances were between 4 to 6MQ for somatic electrodes and 8 to 12MQ for dendritic 
electrodes. Dendritic electrodes were made with rapidly tapering shanks to reduce their 
stray capacitance and during recordings, the bath level was dropped to further reduce 
dendritic electrode capacitance. The capacitance neutralisation of the AxoClamp amplifier 
was then increased until the baseline noise increased up to four times that of the 
uncompensated level, with minimal ringing. The bath solution always contained lOµM 
CNQX, 1 OµM strychnine and 1 OOµM picrotoxin to block glutamatergic, glycinergic and 
GABAergic synaptic inputs respectively. 
Isolation of the A-current 
These experiments sought to isolate and record the A-current. During these 
experiments, the pharmacological agents TTX ( 1 µM) and TEA ( 1 OmM) were added to the 
bath solution to block voltage-dependent Na+ channels and the delayed rectifier. To 
compensate for the change in osmolarity caused ·by the high concentration of TEA the 
external Na+ concentration was reduced from 113mM to 103mM. The influence of 
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2+ 2+ • 
voltage-dependent Ca channels and the Ca dependent potass1 um conductance on the 
membrane current was abolished by adding 300µM N/+ to the bath solution as well as 
removing Ca
2
+ from the external solution and replacing it with 2mM Co
2
+. To prevent 
precipitation of cobalt phosphate (Co3(PO4) 2) , no phosphate (NaH2PO4) was included. 
A somatic whole-cell electrode was attached to the soma of motoneurones. Once the 
ion channel blockers had been applied to the tissue, a voltage clamp protocol was used to 
obtain A-current recordings. Voltage clamp recordings were made on an AxoPatch 200 
amplifier. Cells were held at -60m V and a l 50ms pre pulse to -11 Om V was applied. This 
was done to ensure the maximum A-current would be available for activation. This 
prepulse was then followed by a 50ms pulse to a membrane potential sufficient to activate 
the A-current. The procedure was repeated to cover the range of membrane potentials 
from -60mV to +30mV with a 10mV separation between each potential (10 different pulse 
amplitudes). This voltage protocol is illustrated in figure 4.6A. Since l0mM TEA does 
not completely block the delayed rectifier (Safronov & Vogel 1995, Bekkers 2000a), the 
A-current recordings were contaminated by a residual component of the delayed rectifier. 
To obtain a current trace useful for subtraction, a similar voltage protocol to the one just 
described, but modified to inactivate the A-current, was used to obtain records suitable for 
subtracting the contribution of unblocked currents other than the A-current. The protocol 
uses a prepulse to -1 l0mV which is only l00ms long and is followed by a 50ms pulse to 
-30m V to inactivate the A-current. The duration and potential were chosen to cause 
maximal inactivation of the A-current while causing minimal activation of the delayed 
rectifier. This voltage protocol is illustrated in figure 4 .6B. These two protocols were 
strung together 50ms apart and were run simultaneously so that A-current recordings and 
records for subtraction were obtained at the same time. This voltage protocol was repeated 
at lHz and the membrane current sampled at l0KHz. Ten traces were recorded for each 
of the ten different pulse amplitudes from -60mV to +30mV and these were later used for 
averaging. Subtraction of the part of the records in which the A-current was inactivated 
from that in which the A-current was present produced current traces which were only 
contaminated by leak and capacitive artifacts caused by the 50ms prepulse to -30m v- and 
the step from this prepulse to the test potential. These artifacts were reduced by 
subtracting the current trace in which the prepulse to -30m V was followed by a step to 
-60m V (no delayed rectifier current). This produces a constant sized capacitive artifact. 
This can be explained as follows. Consider the capacitance artifact produced by the step 
from -11 Om V to the test potential, V p· The size of the capacitive artifact will be equal to 
VP+ 110 multiplied by a constant, C. Therefore the size of the capacitive artifact is 
C(V P + 110). In the prepulse data, the size of the capacitive artifact is C(V P+30). 
Subtraction of these gives C(V P + 110)-C(V P +30)=80C. Therefore, this subtraction 
technique leaves capacitive artifacts that have a constant amplitude (Bekkers 2000a). This 
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experiment was repeated in the presence of 4-AP to conclusively show that the recorded 
current was indeed the A-current. Reversibility of the 4-AP block could not be obtained 
because it took too long to wash out 4-AP once the tissue had been exposed to it. 
Action Potential Amplitude Versus Membrane Potential and 4-AP 
To determine if the membrane potential affects the amplitude of the somatic action 
potential, experiments were performed in which action potentials were initiated at various 
holding potentials. For these experiments, Ca 
2
+ channels were blocked, as described 
previously, to remove any possible confounding influence of Ca
2
+ currents and the Ca
2
+ 
dependent potassium current on the amplitude of the action potential. 
The protocol for recording consisted of performing a whole-cell somatic recording 
from a motoneurone in current clamp mode and holding its membrane potential at -80, -70, 
-60 or -50m V. Steps of current of 5ms duration were used to elicit single action potentials 
on the rising phase of the voltage charging curve. This procedure was repeated at lHz for 
at least six records so that measurements of action potential properties could be averaged. 
Once control records had been recorded in low Ca 
2
+ solution, 4-AP was added to the bath 
and the procedure was repeated. 
For the analysis, records in which the membrane potential was not held within 4mV 
of the desired values were discarded. Threshold potential amplitude was determined as the 
difference between the baseline membrane potential and the foot of the action potential. 
The action potential amplitude was measured from the foot of the action potential to its 
peak. The total amplitude to the peak of the action potential was the sum of the threshold 
amplitude and the action potential amplitude. 
The Effect of 4-AP on Somatic and Dendritic Action Potentials 
To determine the effect of the _A-current on the action potential, experiments were 
performed in which action potentials were recorded in the soma and dendrite in the 
presence and absence of 4-AP. Whole-cell electrodes were attached to the soma and 
dendrite of a motoneurone and action potentials were recorded in both electrodes with only 
the synaptic blockers CNQX (l0µM) , strychnine (l0µM) and picrotoxin (l00µM) 
included in the bath. Action potentials were recorded in current clamp mode with the 
membrane potential set to -65m V. Current steps of 5ms duration and of sufficient 
amplitude to generate a single action potential were injected into the cell through the 
somatic electrode and the action potential was recorded at both the soma and dendrite. The 
voltage in each electrode was sampled at 3 l .25KHz (32µs interval) and action potentials 
were elicited at lHz intervals. During recording, the polarity of the injected current was 
reversed for a few records so that the passive charging curve of the cell could be obtained. 
These were later averaged and the charging curves subtracted from the action potential 
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recordings so that the action potential waveform could be separated from the neurone ' s 
sub-threshold response. Once a control recording had been performed, action potentials 
were then recorded under Ca 
2
+ channel biockade as described above. Blocking calcium 
2+ 
currents was necessary to remove any confounding influence of the Ca dependent 
potassium conductance on the action potential waveform. 4-AP was then added to the bath 
at a concentration of 4mM and somatic and dendritic action potentials were recorded 
again. 
Blockade of the A-current with lntradendritic 4-AP 
As a final attempt to determine if motoneurones have a different density of A-current 
in their dendrites to that in the soma, an experiment was performed in which 4-AP was 
included in the dendritic electrode solution at a concentration of 4mM. Although 4-AP is 
normally applied externally, Hille ( 1992) states that it is membrane permeable although 
there is no data to suggest just how membrane permeable this drug really is. Because of 
this property of 4-AP it was decided to try an experiment using intradendritic 4-AP. The 
rationale behind this experiment is that 4-AP diffusing from the dendritic electrode will 
cross the membrane to the external face and block dendritic A-currents. The dendritic 
A-currents will experience the highest concentration of 4-AP first and will be b!ock.ed 
before those in the soma are affected by 4-AP. If dendritic A-currents are present, then 
dendritic action potentials should show a change in width before those in the soma. As the 
4-AP diffuses towards the soma, somatic channels will start to be blocked. Therefore, use 
of intradendritic 4-AP should show a difference in the time-course of change in action 
potential width between the dendrite and soma as the drug diffuses from the dendritic 
electrode tip towards the soma. 
2+ 2+ 
These experiments were performed in the presence of 0Ca /2mMCo and 300µM 
. 2+ . 2+ 2+ . Ni to remove any confounding effect of Ca currents and the Ca dependent potassium 
conductance . 
Results 
Control Recordings at the Soma 
To ensure that the dendritic electrode capacitance could be adequately compensated, 
control recordings were performed in which both electrodes were placed on the soma of 
the cell. The result of an experiment of this kind is shown in figure 4.1. This shows a cell 
with two electrodes attached to the soma. One is a somatic electrode of 4.6MQ resistance 
and the other is a high resistance electrode normally used for dendritic recording that had a 
resistance of 10.2MQ. The action potentials shown in figure 4.1B superimpose perfectly 
indicating that the dendritic electrode capacitance could be adequately compensated. The 
somatic electrode capacitance could always be compensated with smaller capacitance 
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compensation than that required for dendritic electrodes. A.lso, in recordings where two 
somatic electrodes were placed on the soma, the current injecting and voltage recording 
electrodes could always be capacitance compensated to produce the same voltage 
waveform during various types of voltage and current manipulations. 
To ensure that the action potential amplitude was not affected by prolonged whole-
cell recording, an experiment was performed in which action potentials were recorded at 
the soma over an extended period without any pharmacological or electrophysiological 
manipulation of the cells. Whole-cell recordings were made from the soma of 
motoneurones in current clamp mode. Action potentials were elicited using 5ms current 
steps at a membrane potential of -65m\'. This was repeated at 0.2Hz. The amount of 
current needed to reliably generate single action potentials varied from 0.5nA to 1.4nA. 
Action potential amplitude was measured from the foot of the action potential to its peak. 
This was then plotted as a function of time to see if there was any change in action 
potential amplitude with time. The results for three cells are shown in figure 4.2. Visual 
inspection of the traces shows that there is considerable variability in the amplitude of the 
action potential under control conditions, but that the average action potential amplitude 
does not change with time, indicating that prolonged whole-cell recording does not affect 
action potential amplitude. This procedure was successfully repeated in three cells that 
showed no change in access resistance, leakage current or capacitance compensation. The 
time over which the action potentials were recorded varied from 205 to 435 seconds. 
Figure 4.3 shows examples of images taken during recording from the soma and 
dendrites of a spinal motoneurone. In each cell, there is an electrode attached to the soma, 
and also to a dendrite. These images give some idea of the difficulties involved in 
visualising these dendrites. As can be seen in both images. the single dendrite seen 
emanating from the soma of these cells can be followed for only a short distance before it 
can no longer be seen. No amount of focussing or adjustment of the IR-DIC optics could 
allow these dendrites to be visualised any further than about 50µm from the soma. It was 
rare to see more than one dendrite emanating from the soma of these cells. 
Action Potentials in Soma and Dendrites 
Simultaneous recording of action potentials in the soma and dendrites of 
motoneurones under control conditions showed that there was some attenuation of action 
potential amplitude in the dendrites, even over the small distances at. which these 
recordings were made from the soma. Typical action potentials from the soma and 
dendrites of motoneurones are shown in figure 4.4. The average amplitude of somatic 
action potentials was 74.0+7.9mV (SD, n=9) while that of dendritic action potentials was 
65.9±6.5mV (SD, n=9). A Student's t-test of the amplitudes showed that they were 
significantly different at a confidence level of between 15 and 20o/c (t=0.978 v= 16). The 
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average attenuation from soma to dendrite was 10.7+6.2% (ratio of dendritic to somatic 
action potential amplitude=0.893+0.062). The average distance at which the dendritic 
electrode was placed from where the dendrite emerged from the soma was 37+8µm (SD, 
n=9). 
Time Differences Between Somatic and Dendritic Action Potentials 
Measurement of the time difference between the somatic and dendritic action 
potentials showed that the peak of the somatic action potential was always recorded before 
or simultaneously with the peak of the dendritic action potential , suggesting that the action 
potential is initiated in the soma before the dendrites. A recording from one cell showing 
temporal separation of the somatic and dendritic action potentials is shown in figure 4 .5. 
It is possible that the action potential was initiated in a dendrite of the motoneurone and 
that the dendritic electrode was always attached to a different dendrite. This would result 
in action potentials that appeared to originate in the soma even though their true point of 
origin was a dendrite. However, there were no examples in which the dendritic action 
potential occurred before the somatic action potential (n=9) and it is considered unlikely 
that I would not record from the active dendrite in a sample of nine cells. Because of the 
proximity of the dendritic · recording to the somatic recording and the sample interval used 
in these experiments (32µs) the interval between the peak of the somatic and dendritic 
action potentials was averaged. The average temporal separation was 54.4+45.6µs (SD, 
n=9) for electrodes separated by 37+8µm (n=9). In some experiments, no temporal 
separation of the somatic and dendritic action potentials could be detected. Such small 
temporal separation of the two action potentials is to be expected when one considers the 
small separation of the electrodes in these experiments. Calculation of the velocity of 
action potential propagation in the dendrites gave 0.68rn/s. This velocity is considerably 
faster than the 0.24m/s obtained for Purkinje cells by Stuart and Hausser (1994); 
comparable to the values of 0.7-1.0m/s obtained by Fatt (1957) and well within the range 
of 0.213 to 0.96rn/s (average 0.47+0.248m/s) obtained by Larkum et al. (1996). 
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Figure 4.1. Dual somatic recordings. A: The soma of a cell with two electrodes attached, 
one a somatic electrode of 4.6MQ resistance and the other an electrode normally used for 
dendritic recording with a resistance of 10.2MQ. B: Action potentials recorded from the 
two electrodes. The inset shows the approximate position of the electrodes on the cell 
shown in A. The action potentials recorded in each electrode superimpose pertectly 
indicating that the dendritic electrode capacitance can be adequately compensated. 
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Figure 4.2. Action potential arnplitude during prolonged whole-cell recording. This 
figure shows the action potential amplitude as measured from the foot of the action 
potential to the peak for three cells which did not show changes in access resistance, 
leakage current or capacitance compensation. These recordings were taken at 0.2Hz. This 
experiment was performed to assess whether diffusion of the electrode contents into the 
cell during whole-cell recording would affect the action potential amplitude. This was 
perrormed as a control for later experiments. Action potential amplitude varies by less 
than 5m V from one action potential to the next. ·visual inspection of the amplitudes shows 
that the action potential amplitude does not change with time indicating that prolonged 
whole-cell recording does not affect action potential amplitude. This experiment was 
performed in three cells. In each case, the action potentials maintained their amplitude for 
a prolonged period. 
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Figure 4.3. This figure shows two cells with electrodes attached to the soma and a 
dendrite. The dendrites could not be visualised any further from the soma than about 
50µm and often the dendrites could only be seen for considerably shorter distances than 
this. Usually only a single dendrite was seen emanating from the soma although in rare 
cases up to three dendrites were visible. Adjustment of the optics and focus did not allow 
the dendrites to be visualised any further from the soma than this. 
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Figure 4.4. Action potentials recorded in the somata and dendrites of motoneurones. A: 
The protocol for production of action potentials in this experiment consisted of 20ms 
current steps with amplitudes chosen to produce only a single action potential. The 
somatic action potentials are shown in black while those of the dendrite are shown in grey. 
B: Recordings of somatic (black) and dendritic (grey) action potentials in motoneurones 
showing the various levels of attenuation of the dendritic action potential. The average 
attenuation observed was 10.7±6.2% (n=9). The distance of the dendritic electrode from 
the soma is shown next to each trace. There is little correlation between the distance from 
the soma and the amount of attenuation seen because of the varying diameters of the 
dendrites. 
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Figure 4.5. Temporal separation of the somatic and dendritic action potentials. A: Action 
potentials induced by current injection into the soma. The inset shows the action 
potentials on an expanded timescale. B: Action potentials induced by current injection in 
the dendrite. The inset shows the action potentials on an expanded timescale. The somatic 
action potential always occurs before the dendritic action potential regardless of the site of 
current injection. None of the cells examined (n=9) showed dendritic action potentials 
which occurred before the somatic action potential, suggesting that the site of action 
potential generation is close to the soma rather than in a dendrite. 
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Isolation of the A-current 
This experiment sought to demonstrate that an A-current could be recorded at the 
soma using only a somatic electrode. The voltage clamp protocol and the current recorded 
in one cell during this protocol are shown in figure 4.6A. There is a significant 
component of the delayed rectifier that is not blocked by 1 0mM TEA (Safronov & Vogel 
1995) and this distorts the recording of the A-current. There is also significant distortion 
of the recording by capacitive transients and leakage current artifacts as well. In order to 
subtract away the capacitive transients, leakage currents and delayed rectifier, another 
voltage protocol was used to produce records suitable for subtraction. This protocol is 
shown in figure 4.6B. It is the same protocol that was used before, however the prepulse 
to -1 lOmV is now only l00ms long and is followed by a 50ms step to -30mV. The 
potential and duration of this -30m V, 50ms prepulse were chosen to cause maximal 
inactivation of the A-current without any significant effect on the amount of activatable 
delayed rectifier (Hsiao 1998, Bekkers 2000a). As can be seen in the recordings in 4.5B, 
the traces no longer contain a component of the A-current and have only a delayed rectifier 
component and capacitive and leak artifacts. Subtraction of these traces using the 
procedure described in the methods revealed a family of A-currents that have increasing 
amplitude with increasing depolarisation. Examples of the current traces produced by this 
method are shown in figure 4.7 A . This is the A-current. This experiment was performed 
on five different cells and gave similar results to those shown in figure 4.7 A. The 
amplitude of the A-current increases as the test potential is depolarised (bottom 
trace=-60mV, top trace=+30mV) and the rise-time and decay-time decrease with 
increasing depolarisation. This procedure was repeated in five cells. For the largest and 
fastest A-current recorded (step from -1 l0mV to +30mV), the average maximum current 
was 1.30±0.49nA, the 10-90% rise-time was 0.90+0.32ms and the decay time constant 
was 5.12+ l.34ms (SD, n=5). In the example shown in the figure , the peak of the 
A-current during the largest depolarisation (-110 to +30mV) occurs at 3 .. 45ms. For the 
five cells examined, the average time to peak during the largest depolarisation was 
3.38+ 1.16ms. Conclusive proof that this current was the A-current was obtained by 
repeating the experiment during application of 4mM 4-AP to the tissue. An example of 
the subtracted current that is obtained after application of 4-AP is shown in figure 4.7B. 
4-AP blocks the majority of the A-current. Washout of 4-AP and recovery of the 
A-current could not be performed because 4-i\P did not wash out quickly enough for a 
satisfactory experiment of this kind to be pertormed.. It should be noted that the current 
that is recorded under these non-isopotential conditions will be slower than that which 
would be recorded if the A-current could be perfectly clamped. Therefore these whole-cell 
A-current recordings do not represent the true kinetics and amplitude of the A-current. 
126 
Effect of 4-AP on Somatic and Dendritic Action Potentials 
Motoneurones are known to have a relatively high density of A-current, at least in 
their somata (Takahashi 19909 Safronov & v-ogel 1995). Since the attenuation of the 
action potential that was seen in dendritic recordings was so small , I decided to examine 
the effect of blocking the A-current to see what contribution it made to the action potential 
waveform. Figure 4.8A shows a somatically and dendritically recorded action potential 
under control conditions. The separation of the electrodes in this experiment was 32µm 
and the attenuation of the action potential from soma to dendrite was 6.4%. The increase 
in 20% width of the action potential was 3.9%. There was also a long lasting 
afterhyperpolarisation following the action potential that did not decay back to baseline 
during the 15ms interval of recording that followed action potential initiation. Figure 4.8B 
shows the effect of 0mM external Ca2+/2mM Co2+ and 300µM N/+ on the action potential 
waveform. The long lasting component of the afterhyperpolarisation caused by the Ca 2+ 
dependent potassium conductance was removed and replaced with a short lasting 
afterhyperpolarisation that decayed back to the resting potential within a few milliseconds. 
During Ca
2
+ blockade, action potential amplitudes did not change from their values under 
control conditions although they were broadened by approximately 0.3ms (7 .1 % ) at 20% 
2+ 
of their peak amplitude due to removal of the repolarising influence of the Ca dependent 
potassium conductance. The attenuation of the action potential was a!so increased to 
13.6% in this particular example. Addition of 4-AP to the bath gave the data in figure 
4.8C. The action potential width at 20% of its peak amplitude was increased by nearly five 
times from the value under control conditions and the afterhyperpolarisation was 
abolished. However the action potential amplitude was no different from that seen under 
control conditions. Action potential attenuation under these conditions was 8.9% for this 
cell and the increase in 20% width was 3.8%. 
This experiment was repeated in a total of 8 cells for which stable recordings could 
be obtained. The results for all cells were similar and showed little effect of blocking the 
A-current on the action potential ampiitude. Therefore, the data from all 8 cells was 
pooled. In this experiment, the average electrode separation was 27 .6±6.2µm (SD, n=8). 
The average attenuation under control conditions was 8.6±5.3% and the average difference 
2+ in 20% width between soma and dendrite was 3.9±0.4%. Under Ca blockade the 
average attenuation was 9.6+5.4% and the average 20% width difference between soma 
and dendrite was 5.8±0.5%. Under 4-AP conditions the average action potential 
attenuation was 9.2+6. l % and the 20% width difference between soma and dendrite was 
4.5+ 1.6% (SD, n=8). A Student ' s t-tests of the action potential amplitude attenuation 
under the various conditions showed no statistical difference between the various 
conditions. 
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Figure 4.6. Voltage protocols for isolation of the A-current. A: The top trace is the 
voltage clamp protocol used for recording the A-current in motoneurones. It consists of a 
pre pulse to -11 Om V for l 50ms followed by voltage steps to potentials ranging from 
-60m V to + 30m V for 1 OOms. The hyperpolarisation is used so that the maximum amount 
of A-current will be available for activation during the depolarising steps. The iower trace 
shows the current recorded in a single cell using the voltage protocol shown. Each trace 
shown in the figure is an average of 10 traces recorded in the cell. The traces show that an 
A-current is present but it is mixed with the delayed rectifier current. B: The top trace 
shows the voltage protocol used to produce recordings for subtraction. The protocol is the 
same as in A, except that the prepulse to -11 Om V is now only 1 OOms long and is followed 
by a 50ms step to -30mV. The step to -30mV was chosen to inactivate the A-current while 
leaving the delayed rectifier intact. The bottom trace shows the current recorded during 
this voltage protocol. The -30mV prepulse shows some A-current activity but this is 
inactivated by the time the various voltage steps are performed. The voltage steps from 
-60mV to +30mV show no A-current activity and the current recorded is purely capacitive 
artifact, leak and a component of the delayed rectifier. Subtraction of this trace from the 
trace in A, along with subtraction of the capacitive artifact associated with the -30m V 
prepulse, allowed full recovery of the A-current. 
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Figure 4.7. A: The A-current recorded from a single cell using the protocols shown in 
figure 4.6. The rise- and decay-times and the time to peak of the A-current decrease as 
greater depolarisation is used to activate the A-current. The amplitude of the current 
increases with progressively larger depolarisations as well. The time to peak for the 
largest, fastest current (voltage step from -11 Om V to + 30m V) is 3.45ms. The peak current 
of this trace is 0.85nA and the 10-90% rise-time and decay time constant are 0.91ms and 
4.28ms respectively. B: The A-current recorded using the same protocols as in A, but 
now in the presence of 4mM 4-AP. The current is almost completely abolished by 4-AP. 
This conclusively demonstrates that the current is indeed the A-current. Reversal of the 
effect of 4-AP could not be achieved in these cells because of the long time needed to 
wash out 4-AP from the tissue. 
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Figure 4.8. A: Action potentials recorded in the soma and dendrite of a large ventral horn 
neurone under control conditions. The electrode separation is 32µm. The attenuation of 
action potential amplitude from soma to dendrite was 6.4% and the difference in action 
potential width at 20% of its peak amplitude was 3.9%. B: Action potentials recorded in 
the soma and dendrite of the same cell as in A, but in the presence of OmM Ca
2
+, 2mM 
Co
2
+ and 300µM Ni2-l. . The action potential attenuation was 13 .6% and the difference in 
action potential width at 20% of its peak amplitude was 7.1 %. C: Action potentials in 
?+ 
soma and dendrite in the presence of Ca- blockers and 4mM 4-AP. The attenuation of 
the action potential amplitude was 8.9% and the difference in 20% width was 3.8%. There 
was no significant difference in the attenuation of the action potential under the various 
conditions. 
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This experiment shows that the major role of the A-current in motoneurones is to 
repolarise the action potential. It is also an important contributor to the first few 
milliseconds of the afterhyperpolarisation. This experiment conclusively demonstrates 
that the A-current does not provide a large contribution to the action potential amplitude. 
The suggestion from the data is that the A-current does not significantly affect action 
potential amplitude because its kinetics are too slow for it to turn on in time to affect the 
peak of the action potential. Washout of 4-AP was not possible in these experiments so I 
could not try to reverse the effect of 4-AP. As can be seen in figure 4.8, there is no 
difference in the effect of 4-AP on the somatic and dendritic action potential. The 
afterhyperpolarisation is reduced at both locations and the action potential amplitude is 
attenuated by the same proportion as in control solution. 
Effect of Membrane Potential on Action Potential Amplitude 
Since the attenuation of the action potential amplitude that was seen in dendritic 
recordings was so small~ especially considering that motoneurones are believed to contain 
a high density of A-type potassium current in their somata and perhaps their proximal 
dendrites as well (Takahashi 1990, Viana et al. 1993, Safronov & Vogel 1995,), 
experiments were pertormed to determine why there was so little dendritic action potential 
attenuation. If a dendritic A-current is present in these cells, then I might expect a large 
attenuation of dendritic action potential amplitude. As a first test to examine the 
contribution of the A-current to the action potential waveform at the soma, experiments 
were performed in which action potentials were initiated from different resting membrane 
potentials. Cells were held at -80~ -70, -60 or -50m V and 5ms pulses of current of 
sufficient amplitude to elicit a single action potential were applied. This procedure was 
repeated with and without 4mM 4-AP present in the bath. 
The experimental results from a single cell are shown in figure 4.9. This shows the 
action potentials obtained at each of the four membrane potentials both before and during 
external application of 4mM 4-AP. Control records were recorded in the presence of Ca
2
+ 
blockers. In this particular cell~ the threshold potential is the same regardless of the initial 
membrane potential (threshold=-42mV) .. This means that the amplitude of the charging 
curve needed to reach threshold increases in proportion with the increasing 
hyperpolarisation of the holding potential. The action potential amplitude in this eel] is the 
same at each membrane potential indicating that changing membrane potential does not 
alter the amplitude of the action potential. Under 4-AP conditions, the action potential 
amplitude does not change, but in this particular cell, the threshold amplitude increases. In 
this cell, the leak current increased slightly in the presence of 4-AP and therefore more 
current was required to initiate an action potential.. This result is not typical of the. cells 
studied. Most showed little or no change in action potential amplitude and threshold 
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amplitude in the presence of 4-AP. The pooled data for all of the cells are shown in figure 
4. lOA. This plot shows the threshold amplitude, action potential amplitude and total 
amplitude for all the cells examined (n=9). This figure clearly · shows that as the initial 
membrane potential is hyperpolarised, the threshold amplitude increases but action 
potential amplitude remains relatively constant. Therefore the majority of the change in 
total amplitude that is seen at each membrane potential is due to changes in threshold. 
Figure 4.1 OB shows the pooled data for action potential amplitude in the presence and 
absence of 4-AP on an expanded scale. There is relatively little difference in action 
potential amplitude at each of the different membrane potentials both under control 
conditions and in the presence of 4mM 4-AP. The maximum difference in action potential 
amplitude between the different membrane potentials is approximately lmV. An analysis 
of variance of the action potential amplitudes under control conditions at each membrane 
potential could not reveal any significant differences between the amplitudes. Nor could 
an analysis of variance of the action potential amplitudes under 4-AP conditions at each 
membrane potential reveal any significant differences between the amplitudes. Figure 
4. lOB indicates that 4-AP increases action potential amplitude. A Student' s t-test of the 
action potential amplitudes at each membrane potential under control and 4-AP conditions 
showed that the amplitudes were significantly different (p<0.05) except for the amplitudes 
at -60mV which were not significantly different (p>0.25). Therefore, it must be concluded 
that membrane potential does not alter action potential amplitude under either control or 
4-AP conditions. However, 4-AP significantly increases action potential amplitude at each 
potential although the average increase_is only about 4m V. Therefore, it is concluded that 
the A-current activates too slowly to be able to significantly affect the peak of the action 
potential but some A-current is activated by the time the action potential peaks and 
decreases its amplitude by a few millivolts. 
Blockade of the A-current Using Intradendritic 4-AP 
To determine if the dendritic density of IA was different from that of the soma, 
experiments were performed in which the dendritic electrode contained 4mM 4-AP. The 
rationale behind this experiment is that 4-AP from the dendritic electrode will block the 
dendritic A-current before the 4-AP has time to diffuse to the soma and block the somatic 
A-current. Measurements of somatic and dendritic action potentials while the 4-AP filled 
electrode is attached to the cell should show an effect on the dendritic action potential 
before there is an effect at the soma. A simpler experiment would be to pressure eject 
4-AP onto the dendrite while recording from both the soma and dendrite. However, the 
proximity of the dendritic and somatic recordings meant that any attempt to pressure eject 
4-AP onto the dendrite would result in 4-AP aiso being ejected onto the soma and it was 
therefore impossible to selectively apply the 4-AP to the dendrite externally. 
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Figure 4.9. Action potentials elicited at various initial membrane potentials in the presence 
and absence of 4-AP. The four initial membrane potential values are indicated at the left. 
The left column shows action potentials in the presence of Ca 2+ blockers but in the 
absence of 4mM 4-AP. Threshold membrane potential for initiation of action potentials 
remained relatively constant so that as the membrane potential is hyperpolarised, the 
amplitude of the charging curve increases. However, the amplitude of the action potential 
does not change. In the right column, the action potentials are elicited at the same 
membrane potentials as on the left but the bath now contains both Ca2+ blockers and 4mM 
4-AP. The results are similar to those under control conditions except that the action 
potential is now prolonged. The threshold amplitude increases with hyperpolarisation 
while the action potential amplitude does not change. In this particular cell, the threshold 
amplitude is slightly increased in 4-AP over the control conditions because 4-AP increased 
the leakage current. The major affect of 4-AP that can be seen is that the repolarising 
phase of the action potential is greatly prolonged. 
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Figure 4.10. Threshold amplitude, action potential amplitude and total amplitude with and 
without 4-AP, plotted against initial membrane potential. A: This plot shows data pooled 
from nine cells. The solid lines are total amplitude, the short dashed lines are action 
potential amplitude and the long dashed lines are threshold amplitude. Threshold 
amplitude is measured from the baseline membrane potential to the foot of the action 
potential. Action potential amplitude was measured from the foot of the action potential to 
the peak. Total amplitude is the sum of the threshold amplitude and action potential 
amplitude. Closed symbols represent experiments performed in the presence of Ca 2+ 
blockers only (control conditions) and the open symbols represent experiments in which 
4mM 4-AP was added to the bath. The error bars represent the standard error of the 
mean. Total amplitude and threshold amplitude both increase with hyperpolarisation while 
action potential amplitude remains relatively constant. It is obvious from this result that 
changing initial membrane potential serves only to change the size of the charging curve 
needed to reach threshold. B: The action potential amplitudes under control and 4-AP 
conditions at each membrane potential on an expanded scale. The action potential 
amplitude does not change with alterations of the initial membrane potential, but 4-AP 
increases the action potential amplitude by approximately 4m V. 
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Figure 4.11 shows three cells in which this experiment was successfully performed. 
The somatic and dendritic action potential amplitude is stable throughout the recordings 
because these recordings do not have changes in the capacitance compensation, leakage 
current or access resistance. Action potential 20% width is already extended from that in 
control conditions because these experiments are performed in Ca 
2
+ channel blocker 
2+ 2+ .2+ . 
solution (0mM Ca /2mM Co /300µM N1 ). In these cells, the somatic and dendritic 
action potential width at 20% of its peak amplitude always changes at the same rate, 
indicating that 4-AP diffuses from the dendritic recording site to the soma very rapidly. 
The differences in the time over which the block occurs can be attributed to different rates 
of diffusion of 4-AP from the electrode tip into the dendrite, which in turn is related to the 
access resistance. These experiments sought to determine if the dendritic action potential 
would change its properties before the somatic action potential. Since no difference could 
be observed, no conclusion can be made about a possible difference in density of IA in the 
soma and proximal dendrites of these cells. 
Discussion 
The experiments described in this chapter were designed to determine if the A-type 
potassium conductance contributed to the backpropagated action potential amplitude in 
spinal motoneurones. Because blockade of the A-current altered both the somatic and 
dendritic action potentials, it was necessary to record both action potentials simultaneously 
to obtain meaningful data. I demonstrated that this was possible, and then used 4-AP and 
changes in membrane potential to investigate the role of the A-current on the 
backpropagation of the action potential. 
Action Potential Decrement 
The average amount of action potential attenuation that was observed in these cells 
was 10.7±6.2% with the dendritic electrodes placed at an average distance from the soma 
of 37+8µm. If this rate of attenuation were constant along the dendritic tree, then it would 
suggest total abolition of the action potential at about 400µm. Larkum et al. ( 1996) have 
performed a similar experiment in cultured motoneurones and were able to :record from 
dendrites up to 423 µm from the soma. They found relatively little decrement in action 
potential amplitude and sometimes no decrement at all for distances up to more than 
lOOµm from the soma. They also provided conclusive proof that in some dendrites of 
cultured motoneurones, the action potential is actively backpropagated and that Na 
+ 
channels are responsible for boosting the action potential. Optical recording of action 
potential backpropagation showed that the amplitude decrement was not uniform in all 
dendrites. This suggested that Na+ channels are not uniformly distributed in the dendrites 
of the motoneurone, although this may be an artifact introduced by ceH culture. The action 
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potentials recorded by Larkum et al. ( 1996) at 50µm from the soma have a similar 
amplitude to the action potential amplitudes recorded in this Chapter. 
A simple experiment to detennine if Na+ channels are responsible for action 
potential amplification in the dendrites would be to externally apply TIX to the cell and 
apply the action potential waveform as a voltage clamp at the soma. The problem with this 
experiment is that the voltage produced by such a voltage clamp does not faithfully 
reproduce the voltage distribution that is produced during an action potential. The action 
potential is generated by conductance changes rather than a voltage clamp. Therefore the 
current produced during an action potential under voitage clamp wiil not be the same as the 
current produced by voltage-dependent conductances during an action potential and the 
channel activation that occurs will not be the same as that which occurs during an action 
potential. 
Initiation Site of the Action Potential 
Recording of action potentials during both somatic and dendritic stimulation 
invariably produced action potentials that peaked in the soma before the dendrite. This ns 
consistent with the data of Larkum et al. (1996). This suggests that the action potential in 
the motoneurone is initiated at or near the soma. Larkum et al. ( 1996) have demonstrated 
that action potentials may be initiated in the distal dendrites of cultured motoneurones, 
however these potentials are mediated by Ca 2+ channels and have different kinetics to the 
+ Na action potential. 
The A-current in the Motoneurone 
Recordings of whole-cell A-currents in the motoneurone produced currents with 
similar properties to A-currents previously recorded in the motoneurone (Takahashi 1990, 
Hsiao & Chandler 1995, Safronov & Vogel 1995, Gao & Ziskind-Conhaim 1998). 
Under conditions of maximal activation (step from -1 lOmV to +30mV), the recorded 
current reached its peak at 3.38+ 1.16ms and had a decay time constant of 5.12+ l.34ms. 
This is considerably slower than the whole-cell A-current recorded by Gao and Ziskind-
Conhaim (1998) but similar to that obtained by Hsiao and Chandler (1995) and Takahashi 
( 1990). This current could be largely blocked by external application of 4-AP providing 
conclusive evidence that this current was the A-current. Because of the non-isopotentiai 
conditions under which this current was recorded, the time-course of the current is 
prolonged relative to that which would be recorded if the current could be properly 
clamped. The kinetics of the current at an individual point on the neurone will therefore be 
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Figure 4.11. Action potential amplitude and 20% width during intradendritic application 
of 4-AP. This figure shows three cells in which somatic and dendritic action potential 
recordings were made while the dendritic electrode contained 4mM 4-AP. The top traces 
for each cell are the action potential peak amplitude and the bottom traces are the action 
potential width at 20% of its peak amplitude. Traces in black represent recordings at the 
soma and those in grey are those recorded from the dendrite. Breaks in the plots represent 
short breaks in the recording. In each case, action potential amplitude is relatively constant 
during the recording. The action potential 20% width however, increases with time 
because of blockade of IA by 4-AP. There is no difference in the time-course of the 
increase in action potential width at either location. 
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considerably faster than that recorded here. It should be remembered however, that when 
an action potential invades the soma, it will also change the voltage in other 
non-isopotential regions of the neurone and therefore the A-current experienced by an 
action potential will have a similar time-course to that recorded here. Therefore, although 
the A-current may activate rapidly during fast depolarisations, the action potential may not 
induce such a rapid A-current because of the non-isopotential distribution of the action 
potential in the axon, soma and proximal dendrites. 
The Effect of 4-AP on Action Potential Waveform 
Experiments in which the A-current was blocked revealed that the A-current 
provides only a few millivolts contribution to the amplitude of the action potential in both 
the soma and dendrite (see figs 4.8 and 4.10). There were variations from cell to cell 
however~ but the results were consistent for all cells. A.ny variations are considered to be 
random errors caused by differences between cells rather than any particular populations 
of cells with different properties. This result is consistent with previous studies that have 
used 4-AP at a concentration of up to 5mM to block the A-current (Takahashi 1990, Hsiao 
& Chandler 1995). The major function of the A-current in the motoneurone, as judged 
from these experiments and those of previous workers (Takahashi 1990, Viana et al. 1993, 
Hsiao & Chandler 1995), is to repolarise the action potential. Viana et al. ( 1993) have 
2+ 
shown that the Ca dependent potassium conductance is important for regulating the 
firing rate of motoneurones. Application of Ca 
2
+ blockers to motoneurones blocked the 
2+ 
Ca depeltldellllt potassium conductance. abolishing the long lasting afterhyperpolarisation 
leaving only a fast afterhyperpolarisation (figure 4.8). This resulted in action potentials 
that were prolonged by approximately 7% at 20% of their peak amplitude. Application of 
4mM 4-AP to the cells revealed the contribution of the A-current to the action potential 
waveform. The action potentials broadened by five times and the fast 
afterhyperpolarisation was removed. There was only a small effect of either Ca 
2
+ blockers 
or 4-AP on the amplitude of the action potential. This provides conclusive evidence that 
the A-current affects action potential amplitude in motoneurones. but only by a few 
millivolts. The fact that the somatic action potential is relatively unaffected b)- 4-_A.P 
suggests that the kinetics of the A-current are too slow to allow it to significantly affect the 
action potential amplitude. It is also possible that the amplitude of the A-current is much 
smaller than that of the Na+ current and so even if the kinetics were faster, the small 
amplitude of the A-current in would not significantly alter the action potential amplitude. 
4-AP did not affect dendritic action potential amplitude differently to the soma and this 
suggests again that the kinetics of the A-current are too slow to significantly affect the 
dendritic action potential amplitude or that the amplitude of the current its smaH compared 
to the Na+ current. It would be interesting to examine the effect of 4-AP o:o. 
backpropagated action potentials at locations further out on the dendritic tree where the 
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slower time-course of the dendritic action potential may allow the action potential to be 
more heavily attenuated by the A-current. 
Effect of Intradendritic 4-AP on Somatic and Dendritic Action Potentials 
The attempt to block dendritic A-currents with intracellularly applied 4mM 4-AP 
was not entirely successful. 4-AP is a membrane permeant drug (Hille 1992), however the 
permeability is relatively low. For this experiment to be successful, the diffusion of 4-AP 
across the membrane must be as fast or faster than the diffusion from the dendritic 
electrode tip to the soma. The time-course over which A-current block is observed is 
prolonged over a period varying from 205 to 435 seconds (fig 4.11). It was not certain 
during this experiment just how fast the 4-AP diffused from the dendriric electrode to the 
soma. In figure 8 of Larkum et al. (1996), an experiment is shown in which QX-314 is 
applied through a dendritic electrode and the effect on somatic and dendritic action 
potentials is observed. The maximal effect of QX-314 on the somatic action potential 
amplitude was seen within 6.5 seconds with the dendritic electrode placed 138µm from the 
soma. If I place an electrode on a motoneurone dendrite at a distance of 50}1m, and. 
assuming a similar rate of diffusion for 4-AP in these cells to that for QX-3 14 in cuhured 
motoneurones, and assuming a linear relation between diffusion time and distance from 
the soma, then 4-AP would diffuse from the dendritic electrode to the soma within 2.4 
seconds. Since this is two orders of magnitude faster than the time for 4-AP to diffuse 
across the plasma membrane to the external face and block A-currents, it must be 
concluded that it is not possible to determine any difference between the dendritic and 
somatic A-current density using this method. 
Conclusions 
These experiments sought to determine the contribution of the A-current to the 
attenuation of backpropagated action potentials in the dendrites of presumed rat 
motoneurones. Various experiments were tried to determine if there was a contribution of 
the A-current to the action potential peak amplitude recorded at the soma. In each case, the 
effect on the action potential peak amplitude was only a few millivolts. Further 
experiments were performed to determine if the density of the A-current is different 
between the soma and dendrite. Because of the proximity of the dendritic recordings to 
the soma, it was not possible to determine any difference in the density of A-current at 
either location. 
Therefore, the most that can be said is that the A-current in the motoneurone is the 
major contributor to action potential repolarisation and contributes only a few millivolts to 
the amplitude of the action potential. Dendritic recordings from locations more distant 
from the soma than were achieved here may be able to find a contribution of the A-current 
to action potential amplitude where the action potential waveform is more prolonged. 
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Chapter Five 
Modelling of Action Potential Backpropagation 
Introduction 
There have been many recent studies that have explored the influence of dendritic 
voltage-dependent conductances on action potential backpropagation. These have 
demonstrated that dendritic voltage-dependent conductances play an important role in 
modifying the action potential waveform as it propagates into the dendritic tree. Two 
currents that are important for influencing the dendritic action potential are the Na+ channel 
(IN) and the A-current (IA). These currents are particularly well suited to modifying the 
dendritically propagated action potential because of their fast kinetics, which allow them to 
be activated during the rapid voltage changes that occur during an action potential. 
Chapter 4 presented data that indicated that the A-current helps to shape the action 
potential waveform in motoneurones. The next step then was to determine how much 
attenuation would be expected for action potentials at the distances at which these 
recordings were made, that is up to 50µm from the soma, and what density of A-current 
would be required to produce this attenuation. To achieve this, computer modelling of 
action potential backpropagation has been performed. This chapter examines the influence 
of some dendritic voltage-dependent conductances on action potential backpropagation in 
motoneurones 
Methods 
To determine the possible extent of action potential attenuation, computer modelling 
of action potential backpropagation was performed. The first step was to mimic the 
voltage waveform of the action potential at the soma of the motoneurone. Measurement of 
the somatic action potential in 9 cells at a membrane potential of -65m V gave an average 
amplitude ( +SD) of 74+ 7 .9m V, half-width of 0.31 +0.066ms and base-width of 
0.67+0.12ms. To model the attenuation of the action potential, cell Cl-21 OJ was used 
because it had typical motoneurone morphology and typical membrane properties. The 
passive properties of this cell were set to the values determined for this cell in Chapter 3, 
with ~=5960Q.cm2, Ri=78Q.cm and Cm=l.7µF/cm 2. It was necessary to introduce an 
axon hillock into the morphology to be able to produce the correct action potential 
waveform. The axon hillock did not have realistic morphology. The axonal and hillock 
morphology of cat motoneurones has been extensively studied (e.g. Conradi et al. 1979, 
Kellerth et al. 1979, Lagerback 1985, Westrum 1993). However, data for rat 
motoneurones is scant and the only paper with good morphological data is that of Lahjouji 
et al. ( 1997) in which abducens motoneurones were studied. Measurements by Lahjouji 
et al. (1997) give an axon hillock diameter at the soma of 3.2 to 5.6µm, length of 4.2 to 
7.6µm and final diameter of 1.4 to 2.9µm. This study used dehydration of the tissue to 
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produce material suitable for electron microscopy. Therefore, the true dimensions may be 
up to twice this value (personal observations). When realistic hillock morphology was 
used with the reconstructed motoneurone morphology, it was not possible to simulate the 
rapid time-course of the action potential that was observed in recorded cells. Therefore a 
simple cylindrical hillock was used with a diameter of 5µm and length of 20µm. With just 
an axon and no hillock, the recorded action potential waveform could not be reproduced. 
Both the axon and hillock were given the same passive properties as the rest of the 
neurone. 
To produce action potentials with the recorded time-course, voltage-dependent Na+ 
+ 
channels and delayed rectifier K channels were inserted into the axon, axon hillock and 
soma. An attempt was made to create realistic models of ion channels using the data of 
Safronov and Vogel ( 1995) from rat motoneurones to generate the somatic action 
potential. However the descriptions of these currents is incomplete and therefore it was 
not possible to create accurate models of these channels. Therefore, the channels used in 
this model were taken from the study by McCormick and Huguenard (1992). To be able 
to reproduce the rapid action potential waveform observed in motoneurones, it was 
+ + 
necessary to modify these Na and K currents. This was achieved by speeding up the 
inactivation of the sodium channel and the activation of the delayed rectifier by 40% (see 
below). This had the advantage that the currents produced by these modified channels 
more closely matched the data of Safronov and Vogel ( 1995) for the ion channels of 
motoneurones. Therefore, the characteristics of the membrane current used to produce the 
action potential were not those measured in motoneurones, but were modified from those 
measured in cortical pyramidal cells to reproduce the action potential waveform and had 
properties similar to those measured in motoneurones. Without these modifications, it 
was impossible to reproduce the rapid action potential. The modified Na+ channel is 
referred to in this Chapter as the contrived sodium channel. 
+ An attempt was made to use the Na channel described by Mainen et al. (1995) but 
this channel only produced abortive action potentials when the model was run at 34°C. 
For Na+ channels, the maximum conductance density at the hillock was set to 5.0S/cm2, 
for the axon it was l.0S/cm2 and in the soma it was l.5S/cm2 . For delayed rectifier K+ 
channels, the maximum conductance density at the hillock was set to 1.6667S/cm2, for the 
axon it was 0.3333S/cm2 and in the soma it was 0.5S/cm2• Therefore, the ratio of the 
sodium conductance to the delayed rectifier was always kept at 3: 1. It was necessary to 
use this combination of sodium and potassium conductance densities and channel 
distribution to be able to reproduce the action potential waveform. Although the 
conductance densities were slightly higher than accepted values (Na+=3.0S/cm2, Mainen et 
al. 1995) and did not have a realistic distribution, it did not matter for this study as the 
purpose was only to reproduce the action potential waveform at the soma. The action 
potential in a motoneurone is actually generated by a complex mixture of ion channel 
types including the sodium channel, A-current, delayed rectifier and calcium dependent 
potassium conductance (Walton & Fulton 1986, Takahashi 1990). Such a mixture would 
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be impossible to reproduce in a model with the data that is currently available. Therefore, 
the action potential waveform was mimicked using only sodium and delayed rectifier 
channels with their kinetics modified to produce the correct waveform. The modelled 
action potential waveform had an amplitude of 67mV, half-width of 0.234ms and base-
width of 1.237ms. Comparison of the simulated action potential with that recorded from 
motoneurones showed that the amplitude and half-width were slightly smaller, while the 
base-width was significantly greater in the model. This is as close as the model could be 
matched to the recorded response without knowing the ion channels involved in action 
potential generation, their properties, density and distribution as well as the axonal and 
hillock morphology. 
The modified ionic conductances were also placed in the dendritic membrane to 
determine their effect on the backpropagated action potential amplitude. The channel of 
Main en et al. ( 1995) was also used in the dendritic membrane as a comparison between 
the different sodium channel types. 
A comparison of the recorded and simulated action potentials is shown in figure 5.1. 
Contrived Sodium Channel 
The contrived sodium current (INJ used for both action potential generation and one 
+ 
of the dendritic Na conductances was calculated using the formula: 
3 
INa = gNa·m ·h·(V m-~a) 
where gNa is the maximum Na+ conductance, m and h are the activation and inactivation 
variables respectively, V mis the membrane potential and ~a is the equilibrium potential for 
+ Na , which was set to +50m V. The steady-state activation variable (mrx;) and the time 
constant of activation ('tm) were calculated using: 
mx=am/( am +f3m) 
'tm=l/(am +f3m) 
where am and f3m are the forward and reverse reaction rates calculated as: 
am=0.091(V m +38)/(1-exp(-(V m +38)/5)) 
f3m=0.062(V m+38)/(l-exp((V m+38)/5)). 
The steady-state inactivation variable (hx) and the time constant of inactivation ('th) were 
calculated using: 
hoo=ah/( ah +(3h) 
'th= l /( ah +f3h) 
where ah and f3h are forward and reverse reaction rates calculated as: 
ah=0.0238·exp(-(V m +55)/15) 
f3h=2.898/(1 +exp(( 17-V m)/21)) 
am, f3m, ah and f3h were all based on values at 23.5°C. Once 'tm and 'th had been calculated, 
they were adjusted for 34°C using a Q 10 of 3.0 as follows: 
'tnew=t01i (3. 0"(34-23 .5 )/ 10). 
The kinetics and activation/inactivation curves for INa are shown in figure 5.2. 
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Figure 5.1. A comparison of the simulated action potential (black trace) and the recorded 
action potential (grey trace). The half-width and amplitude of the two action potentials are 
closely matched. The base-width of the simulated action potential is 0.567ms wider than 
that of the recorded action potential, but only because of a change in the voltage gradient at 
the very end of the action potential. This figure shows that the waveform of the action 
potential can be reproduced with reasonable accuracy by the model. 
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Figure 5.2. Al: The steady-state activation and inactivation curves of the contrived Na + 
+ 
channel. A2: Activation and inactivation time constants for the simulated Na channel. 
Note the different scales for the activation and inactivation time constants. B: Na + 
currents generated under voltage clamp in an isopotential compartment by stepping to 
membrane potentials of -40, -30, -20, -10 and 0mV from a holding potential of -120mV. 
Note that the amplitude of the current increases with depolarisation up to -20mV, after 
which the current amplitude decreases because channel inactivation begins to influence the 
current amplitude. The amplitude and time-course of this current are similar to that 
measured in motoneurones by Safronov and Vogel ( 1995). 
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Delayed Rectifier 
The delayed rectifier current (I0R) used for action potential generation was calculated 
using the formula : 
4 
IDR = gK·n ·(V m-EK) 
+ 
where gK is the maximum K conductance, n is the steady-state activation variable, V m is 
the membrane potential and~ is the equilibrium potential for K+ which was set to -90mV. 
The steady-state activation variable (n:xi) and the time constant of activation ('tn) were 
calculated using: 
nx=a/(an+~n) 
'tn= 1/( an +~n) 
where an and ~n are the forward and reverse reaction rates calculated as: 
an=0.014(V m +45)/(1-exp(-(V m +45)/5)) 
~n=0.007·exp(-(V m +50)/40) 
an and ~n were based on values for 23.5°C. Once --en was calculated, it was adjusted for 
34°C using a Q10 of 3.0 as follows: 
'tnew='t0 1i(3 .0"(34-23 .5)/ l 0) 
The kinetics and activation curves for l0 R are shown in figure 5.3. 
When this current was used in combination with the contrived Na+ current and the 
passive model of Cl-2101, the action potential had an amplitude of 67mV, half width of 
0.234ms and base-width of 1.237ms which is as close as it could be made to the 
experimentally recorded action potential. 
Active Dendrites 
To model active dendrites, either INa or IA were placed in the dendrites and soma at a 
constant density. For the simulation of INa in the dendrites two conductance densities, 2.8 
and 9.0mS/cm2 (Magee & Johnston 1995a, Bischofberger & Jonas 1997), were used 
throughout the soma and dendritic tree and the action potential amplitude examined for 
each. The kinetics of the Na+ channel was identical to that used to produce the somatic 
action potential. For the simulation of IA in the dendrites, two conductance densities (2.6 
and 9.0mS/cm2) were used throughout the soma and dendritic tree and the action potential 
amplitude was examined with these two constant densities. The density of 2.6mS/cm2 was 
calculated from the data of Hoffman et al. ( 1997) using the single channel conductance 
(7.5pS) while the density of 9.0mS/cm2 was assumed to be the upper limit of IA density 
+ + just as for the Na channel. The kinetics of IA was slower than that of the Na channel and 
had a voltage activation range that was more depolarised. 
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Transient Potassium Current ( IA) 
The model of IA used for this study was identical to the description of IA used by 
Huguenard and McCormick (1992) from thalamic relay neurones. IA was calculated using 
the formula: 
4 
IA= gA·m ·h·(V m-EK) 
where gA is the maximum K+ conductance, m and h are the· activation and inactivation 
variables respectively, V mis the membrane potential and ~ is the equilibrium potential for 
+ K which was set to -90mV. The steady-state activation variable (met) and the time 
constant of activation (Tm) were calculated using: 
mx=l/(1 +exp(-(V m +60)/8.5)) 
'tm=l/((exp((V m +35.82)/19.69))+(exp(-(V m + 79.69)/12.7))+0.37) 
The steady-state inactivation variable (hx) was calculated explicitly using: 
hx=l/(1 +exp((V m + 78)/6)) 
For the transient potassium channel, the voltage-dependence of the time constant of 
inactivation was complex. For membrane potentials of -63m V and more depolarised, 'th 
was calculated using: 
'th=l/((exp((V m +46.05)/5))+exp(-(V m +238.4)/37.45)). 
For potentials more hyperpolarised than -63mV, 'th was set to a constant value of 19ms. 
These -rm and 'th values were all based on measurements at 23.5°C so that once -rm 
and 'th were calculated, they were adjusted for 34°C using a Q10 of 3.0: 
'tnew=told/(3.0A((34-23.5)/ 10)) 
The kinetics and activation/inactivation curves for IA are shown in Fig 5.4. 
For all of these simulations, the passive equilibrium potential (membrane potential) 
was set to -65m V as in the experiments and ~ was set to -90m V. 
To initiate action potentials, a current clamp stimulus of the same duration as the 
experiment (Sms) was used with an amplitude of 1.0nA, which is comparable to the 
current amplitude used to obtain experimental action potentials. 
The first assessment of action potential attenuation in the dendritic tree consisted of 
measuring the action potential peak voltage as a function of distance from the soma. 
Recordings were made at 200 points on the morphology of cell C 1-2101. These 
recordings were spaced approximately 1 0µm apart for the first 1 00µm of the dendritic 
tree, after which the recording points were approximately 40µm apart. This was done to 
assure sufficient resolution of changes in action potential amplitude at locations close to 
the soma where dendritic electrodes were placed. 
Recordings of action potential amplitude at all 200 points on the dendritic tree were 
made for five situations of active conductance: passive membrane (no active conductances), 
2 2 2 2 . gNa=2.8mS/cm , gNa=9.0mS/cm , gA=2.6mS/cm and gA=9.0mS/cm . To further clanfy 
the plot, a single dendrite of Cl-2101 was chosen and action potential 
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Figure 5.3. Al: The steady-state activation curve of the simulated delayed rectifier. A2: 
The activation time constant of the simulated delayed rectifier. This was increased by 40% 
from the value of McCormick and Huguenard ( 1992) to allow accurate reproduction of the 
action potential waveform. B: The delayed rectifier current generated under voltage clamp 
in an isopotential compartment by stepping to membrane potentials of -40, -30, -20, -10 
and 0mV from a holding potential of -120mV. 
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E p 
Figure 5.4. Al: The steady-state activation and inactivation curves for the simulated 
A-type potassium channel. A2: The activation and inactivation time constants for the 
simulated A-type potassium channel. Note the different time scales for the activation and 
inactivation time constants. B: A-type potassium current generated in an isopotential 
compartment under voltage clamp by stepping to membrane potentials of -40, -30, -20, -10 
+ 
and 0mV from a holding potential of -120mV. Note that unlike the contrived Na channel, 
the A-type potassium channel does not show any decrease in amplitude during the largest 
depolarisations. 
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amplitude was examined at various distances along this dendrite from the soma to its 
termination. 
As an addition to this modelling, the procedure was repeated using the Na+ channel 
model of Mainen et al. (1995). This channel model has been used in the modelling of 
action potential backpropagation in motoneurones performed by Liischer and Larkum 
(1998). Modelling of action potential backpropagation was performed with this Na+ 
channel in the dendrites as a comparison with the other sodium channel and for 
comparison with the work of Ltischer and Larkum ( 1998). 
The Sodium Channel of Mainen et al. ( 1995) 
The current produced by the Na+ channel of Mainen et al. (INJ was calculated using 
the formula: 
3 
INa = gNa·m ·h·(V m-ENa) 
+ 
where gNa is the maximum Na conductance, m and h are the activation and inactivation 
variables respectively, V mis the membrane potential and ~a is the equilibrium potential for 
Na+, which was set to +50mV. The steady-state activation variable (m'.J and the time 
constant of activation ('Tm) were calculated using: 
mx=am/( am +~m) 
"tm=l/(am +~m) 
where am and ~mare the forward and reverse reaction rates calculated as: 
am=0.182(V m+35)/(l-exp((V m+35)/9)) 
~m=0.124(V m +35)/(1-exp((V m +35)/9)). 
The steady-state inactivation variable (h'.J was calculated explicitly as: 
hx=l/(1 +exp((V m +65)/6.2)). 
The time constant of inactivation ('Th) was calculated using: 
"th= 1/( ah +~h) 
where ah and ~hare forward and reverse reaction rates calculated as: 
am=0.024(V m +50)/(1-exp((V m +50)/5)) 
~m=0.0091(V m + 75)/(1-exp((V m + 75)/5)). 
am, ~m' ah and ~h were all based on values at 23.5°C. Once 'Tm and 'Th had been calculated, 
they were adjusted for 34°C using a Q10 of 2.3 as follows: 
Lnew=[olj (2. 3 "(34-23 .5)/ 10 ). 
The kinetics and activation/inactivation curves for Mainen's INa are shown in figure 5.5. 
This channel was inserted into the dendrites and the action potential peak voltage 
was determined in every dendrite of C 1-2101 as a further assessment of how action 
potential amplitude changes with distance from the soma. 
The differences between the contrived Na+ channel and the channel of Mainen et al. 
(1995) can be seen by comparing figures 5.2 and 5.5. The voltage activation and 
inactivation curves of the contrived channel are hyperpolarised by about 15m V relative to 
the Na+ channel of Mainen et al. and the activation curve has a shallower slope. The time 
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constants for activation and deactivation are also hyperpolarised by about 15m V. The 
activation time constant of the contrived channel is approximately 2.5 times that of the 
channel of Mainen et al. and has a narrower voltage range over which the time constant 
value is increased. The inactivation time constant of the contrived channel is shorter than 
that of the channel of Mainen et al. by about 5 times and has a broader range over which 
the time constant value is increased. The inactivation of the contrived channel begins to 
reduce the current flowing through the channel once the depolarisation is sufficient to shift 
the potential to regions where the inactivation time constant becomes very small. This 
results in crossover of the currents produced with different depolarisations (see fig 5.2). 
This crossover was also seen in the channel of Mainen et al. ( 1995) (see fig 5.5). 
Action Potential Amplitude Versus Dendritic Diameter 
The second assessment of action potential attenuation related the amplitude of the 
action potential to the average dendritic diameter along all the dendritic sections to a 
particular distance from the soma. This allowed an assessment of the effect of dendritic 
diameters on action potential attenuation at a particular distance from the soma. Two 
distances were arbitrarily chosen for this analysis, 50 and 200µm. The 50µm point was 
chosen because this was the maximum distance at which the dendritic electrode could be 
placed from the soma. The 200µm point was chosen to explore action potential amplitude 
changes at more distal sites. Since action potential attenuation along a dendrite will 
depend on the diameter of the dendrites that it passes through, dendritic diameter was 
averaged at every l0µm along the dendritic tree including the diameter of the dendrite at 
the soma. This produced 6 points for 50µm and 21 points for 200µm. This provided 
some idea of the diameter of the dendrites that the action potential passed through before it 
reached the recording point ( either 50 or 200µm) and how these diameters affect action 
potential attenuation. 
Results 
Action Potential Attenuation with Distance from the Soma 
Figure 5.6 shows the calculated peak voltage of the action potential versus distance 
from the soma for various active and passive membrane properties. Figure 5.6A shows 
the peak voltage of the action potential in every dendrite of Cl-21 OJ while figure5.6B 
shows the peak voltage of the action potential in a single dendrite of C 1-2101 as marked in 
the inset of figure 5.6A. The black squares show the attenuation under passive conditions. 
Action potential amplitude decreases most rapidly over the first 1 00µm of the dendritic 
tree. Addition of INa to the dendritic tree ( orange diamonds=2.8mS/cm2 and red 
traingles=9.0mS/cm2) increased action potential amplitude but did so in a distance 
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Figure 5.5. Al: The steady-state activation and inactivation curves for the simulated 
sodium channel of Mainen et al. (1995). A2: The activation and inactivation time 
constants for the simulated sodium channel of Mainen et al. (1995). Note the different 
time scales for the activation and inactivation time constants. B: Sodium current 
generated in an isopotential compartment under voltage clamp by stepping to membrane 
potentials of --40, -30, -20, -10 and 0mV from a holding potential of -120mV. Note that 
the amplitude of the current decreases during the largest depolarisations, just as for the 
. + 
contnved Na channel. 
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Figure 5.6. A: Action potential peak voltage versus distance from the soma for every 
dendrite of cell C 1-2101 and the effect of active dendritic conductances. The legend 
2 
shows the symbols for each situation: passive (no active conductances), gNa=2.8mS/cm , 
gNa=9.0mS/cm2, gA=2.6mS/cm 
2 
and gA=9.0mS/cm
2
• B: Action potential peak voltage 
versus distance from the soma for the dendrite marked with an arrow in the inset, and the 
effect of active dendritic conductances. IA has its greatest effect in the soma and proximal 
dendrites while INa has its greatest effect at distal locations. 
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dependent manner. Action potentials in the distal dendritic tree were increased 1n 
amplitude more than in the proximal dendritic tree. 
Conversely, addition of IA (green squares=2.6mS/cm2 and blue circles=9.0mS/cm2) 
attenuated action potentials more heavily in the proximal dendrites than in the distal 
dendrites. The action potential waveform has its largest amplitude and fastest time-course 
in the proximal dendritic tree. Figure 5.6 does not supply any information that would 
suggest why the different active conductances modify action potential amplitude in the way 
that they do. The effect of voltage-dependent ion channels on the dendritic action potential 
will depend on the combination of the voltage activation/inactivation ranges and kinetics of 
the channel and the time-course and amplitude of the dendritic action potential. This, in 
tum, depends on the dendritic passive properties and how the action potential is modified 
by active conductances as it travels to the dendritic site where it is measured. 
To further clarify this matter, the currents produced by these ion channels were 
calculated at different distances from the soma during action potential backpropagation. 
These currents were calculated for compartments of equal length (5 µm) at both 50 and 
200µm. The diameters of these compartments vary at each location and between locations. 
As membrane current is proportional to membrane surf ace area, it is necessary to 
normalise the current by the surface area and present the results as current density to allow 
comparisons to be made between the two regions. The average surface areas associated 
with the 5µm length compartments at 50 and 200µm in Cl-2101 were 20.4µm
2 
and 
? 
12.6µm- respectively. The currents calculated in each dendritic segment at 50 and 200µm 
have been averaged and normalised by the compartmental surface areas. 
Figure 5.7 shows the average A-current density during the action potential at 50 and 
200;,lm for all the dendrites of Cl-2101 , for maximum A-current conductance densities of 
2 2.6 and 9.0mS/cm . 
At 50µm, the average peak A-current densities are 3.6 and 10.9pA/µm2 for the low 
and high conductance densities, respectively. At 200µm, they are 1.0 and l.8pA/µm2. For 
each conductance density , the A-currents are clearly much greater at S0µm than at 200µm 
and this explains why the A-current has a greater effect on the backpropagated action 
potential at proximal sites compared with distal sites. The smaller current density in the 
distal dendrites is caused by the reduced amplitude of the action potential in these regions, 
leading to a smaller driving potential for K+ ions and smaller activation of the 
A-conductance, even though the slower rise-time of the action potential is more suited to 
the activation kinetics of the A-current. The slower and smaller backpropagated action 
potential in the distal dendrites compared with the proximal dendrites is shown in figure 
5.8 , together with the A-current density that is associated with the potential changes. This 
figure uses only a single dendrite of Cl-2101 as marked in figure 5.6A. Figure 5.8 shows 
that the A-current is larger and more rapid in the proximal dendrites than in the distal 
168 
dendrites. Furthermore, the A-current peaks after the action potential and contributes to its 
re polarisation. 
+ 
The average Na current densities calculated during a backpropagated action 
potential at 50 and 200µm in every dendrite of Cl-2101 are shown in figure 5.9, for 
maximum Na+ conductance densities of 2.8 and 9.0mS/cm2• The averages mask 
considerable variability in latency and amplitude of the Na+ current density in each 
dendritic segment at these distances. 
+ . 
For the larger Na conductance density, the average peak current density at the distal 
locations (5.1 pA/ µm2) is greater than the average peak current density at the proximal 
locations (3.6pA/µm 2) whereas the peak current densities are similar at the two locations 
+ . 2 + for the smaller Na conductance density (1. 1 vs. 1.2pA/µm ). The larger effect of the Na 
current in the distal dendrites is related to the combination of its voltage 
activation/inactivation ranges, its kinetics, and the shaping of the action potential in the 
+ dendrites by factors other than the Na current. In the proximal dendrites, the amplitude of 
the action potential is largely determined by the proximity of the soma and axon hillock 
conductances and the passive properties of the dendrites. The large action potential in this 
region fully activates the Na+ conductance, but the local Na+ current is small because of the 
reduced driving potential for INa· Figure 5.10 illustrates the action potential and associated 
INa current densities at 50 and 200µm, for a maximum sodium conductance density of 
9.0mS/cm2• This figure uses only a single dendrite of Cl-2101 as marked in figure 5.6A. 
The action potential is heavily attenuated at 200µm and peaks at about -35m V. At this 
potential, gNa is approximately half activated. However, the driving potential at the peak of 
the backpropagated action potential is many times greater than the corresponding value at 
50µm, and this explains the larger current at the more distal location. For the smaller 
conductance density (see Fig 5.9), there is a much smaller activation of the sodium 
conductance at the distal locations which is only partly compensated by the increased 
driving potential. At this lower conductance density, the peak current densities at 50 and 
200µm are approximately equal. 
The sodium current tends to have a greater influence on the backpropagated action 
potential at distal compared with proximal locations. In figure 5.10 at 50µm, the sodium 
current is seen to peak after the peak of the action potential. This is due to a lag in the 
+ 
activation of the Na channel because it is driven by the action potential rather than 
. . 
generating it. At this distance, the somatic Na+ conductance largely controls the action 
potential waveform and amplitude. At 200µm, the Na+ current and action potential peak 
+ 
simultaneously because the backpropagating action potential is mostly driven by the Na 
conductances in the dendritic membrane. 
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50µm 
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Figure 5.7. The average A-current density at every dendritic location at 50 and 200µm 
from the soma with maximum conductance densities of 2.6mS/cm2 and 9.0mS/cm2. The 
peak current density at the proximal locations is approximately 3.5 to 5 times the peak 
current density at distal locations. The variability of the peak current density is greatest in 
the distal locations (not shown). With a conductance density of 9.0mS/cm2, the current 
density produced at 200µm is not very different from that produced at 200µm with a 
conductance density of 2.6mS/cm2, however the peak current density at 50µm is about five 
times larger for the same conductance density. 
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Figure 5.8. The A-current densities produced at 50 and 200µm with a maximum 
A-current conductance density of 9.0mS/cm2, compared with the action potential waveform 
at these locations. This figure used only a single dendrite of Cl-2101 as marked in the 
inset of figure 5.6A. The current density always peaks after the action potential and 
contributes to its repolarisation. The action potentials are included so that the changes in 
membrane potential that occur during the current can be compared. This was done so that 
the driving potential for potassium could be compared with the A-current amplitude. The 
driving potential for potassium is largest during the peak of the action potential. The 
reversal potential for potassium was always set to -90m V in this model and the peak of the 
action potential is + 18m V, making the driving potential for potassium 108m V at the peak 
of the action potential. Therefore, although relatively few of the slowly activating IA 
channels will have opened at the peak of the action potential, the driving potential is large 
so the current amplitude is large. At 200µm from the soma, the action potential amplitude 
is smaller, the activation of gA is smaller, the driving potential for potassium is smaller and 
the A-current amplitude is smaller. 
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SOµm 
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Figure 5.9. The average contrived Na+ current density recorded at 50 and 200µm with 
maximum Na+ conductance densities of 2.8mS/cm2 and 9.0mS/cm2. With a conductance 
density of 2.8mS/cm2, the currents produced at the two locations are approximately equal. 
However, with the conductance density set to 9.0mS/cm2, the current density at the 
proximal location is approximately 70% of that at the distal location. The variability of the 
current density is greatest at the distal locations (not shown). 
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Figure 5.10. The contrived Na+ current densities produced at 50 and 200µm with a 
maximum sodium conductance density of 9.0mS/cm 2, compared with the action potential 
waveform at these locations. This figure used only a single dendrite of Cl-2101 as 
marked in the inset of figure 5.6A. At 50µm the Na+ current peaks after the action 
potential because the voltage changes associated with the action potential drive the 
activation of the Na+ conductance. At 200µm, the Na+ current and action potential peak 
simultaneously because the voltage changes associated with backpropagating action 
potential are largely driven by the dendritic Na+ conductance. The action potentials are 
included in this figure so that the changes in membrane potential that occur during the Na + 
current can be compared. This was done so that the driving potential for sodium, and the 
+ 
extent of Na channel activation, could be compared with the sodium current density. The 
driving potential for sodium is smallest during the peak of the action potential. The 
reversal potential for sodium was always set to +50mV in this model. The peak of the 
action potential at50µm is +28mV, making the driving potential for sodium 22mV at the 
+ peak of the action potential at 50µm. Although a large proportion of the Na channels will 
have opened at the peak of the action potential, the driving potential is small so the current 
density is also small. At 200µm from the soma, the action potential amplitude is smaller, 
+ 
activation is reduced, the driving potential for sodium is larger and the Na current density 
is larger. 
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Ltischer and Larkum ( 1998) have performed similar modelling of backpropagation 
in cultured motoneurones. In their model, they found that densities of Na+ conductance as 
low as 3.0mS/cm
2 
could cause significant active backpropagation of the dendritic action 
potential. This was not observed in the modelling performed in this chapter. To determine 
the reasons, several tests were performed to see what fundamental differences there were 
between the model of Ltischer and Larkum ( 1998) and the model presented in this chapter. 
The first of these tests consisted of replacing the dendritic Na+ channel that was 
used in this study with that used by Ltischer and Larkum (1998). The channel is taken 
from Mainen et al. (1995) and has been described already in the Methods section. Na+ 
conductance densities of 3.0mS/cm
2 
and 9.0mS/cm
2 
were used, which are almost identical 
to the densities used previously. Figure 5.11 shows the action potential peak voltage in 
Cl -2101 under passive conditions, gNa=3.0mS/cm
2 
and gNa=9.0mS/cm
2
. Figure 5.llA 
shows the action potential peak voltage in every dendrite of Cl-21 OJ, while figure 5.11B 
shows the amplitude in the single dendrite marked in the inset of 5.1 lA. The conductance 
2 
density of 3.0mS/cm gives a moderate amplification of the action potential while a density 
of 9.0mS/cm 
2 
produces fully active backpropagation. In figure 5.11B, the Na+ 
conductance density of 9.0mS/cm2 does not affect the action potential amplitude until it 
has propagated beyond about 80µm from the soma. Up to this point, the action potential 
attenuation is similar to that in _ a passive dendrite and there is only moderate amplification 
of the action potential amplitude. Beyond this distance, the backpropagation becomes 
regenerative and the action potential amplitude begins to increase until it reaches a peak 
voltage of about +30m V in the distal dendrites. The threshold Na+ conductance density 
for active backpropagation could not be sharply defined and · was different for each 
dendrite, varying between about 3.0 and 5.0mS/cm
2
• Even with a conductance density of 
3.0mS/cm
2
, there are a couple of dendrites in figure 5.1 lA that show active 
backpropagation as defined by maintained dendritic action potential amplitude. 
Overall , the effect of Mainen ' s sodium channel on the action potential amplitude 
was the about the same as when the contrived sodium channel was used, except that lower 
density was required to produce the same effect. Mainen ' s sodium channel leaves the 
action potential amplitude in the proximal dendrites relatively unaffected, while in the distal 
dendrites the action potential amplitude is increased significantly. 
Figure 5. 12 shows the average sodium current densities obtained with the Mainen 
model at 50 and 200µm when the conductance density is either 3.0 or 9.0mS/cm
2
• The 
current density has been averaged for every dendrite at these distances, except for the 
current at 200µm , which is taken from one dendrite only. The currents at 200µm in each 
? 
dendrite for 9.0mS/cm- were similar in time-course and amplitude, but there was up to 
lms latency variation for their initiation. These currents were associated with fully active 
backpropagation of the action potential and their variation in latency was due to different 
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rates of backpropagation in the dendrites. There were large variations in time-course and 
amplitude for the 3.0mS/cm2 conductance at 200µm, while there was little variation in 
time-course and amplitude at 50µm, for both conductance levels. 
The main differences between the Mainen model and the contrived model are the 
rates of activation and inactivation. All the current densities in figure 5.12 are much larger 
than their counterparts in figure 5.9 (contrived model), and the same applies to the 
corresponding action potential amplification generated by these currents (compare Figs 
5.6, 5.11, 5.10 and 5.13). The faster activation and the slower inactivation will enhance the 
currents at all locations. As was found for the contrived channel , the presence of a sodium 
current made little difference to the amplitude of the action potential in the proximal 
1 00µm of dendrite, indicating that in this region the main control of the action potential 
was from the sodium currents generated at the soma, axon hillock and initial segment. 
+ Once the action potential propagates beyond this distance, the Na channel contributes to 
the amplification of the backpropagated action potential. With a sodium conductance 
density of 9.0mS/cm2, the backpropagation is fully active. The larger current at 200µm 
and 9.0mS/cm2 (compared with 50µm) reflects the regenerative activation of the channel 
+ by the actively backpropagated action potential. Therefore the Na channel drives the 
voltage changes that occur during the actively backpropagated action potential. The 
smaller current at 50µm with a conductance density of 9.0mS/cm2 results from the 
reduced driving potential for sodium during the large proximal action potential. Figure 
5.13 shows the average Na+ current densities produced by the sodium channel of Mainen 
2 
et al. at 50 and 200µm with conductance densities of 3.0 and 9.0mS/cm compared with 
the action potentials at these locations. This figure used only a single dendrite of Cl-21 OJ 
as marked in the inset of figure 5.1 lA. The data for 200µm supports the hypothesis that 
the Na+ current drives the voltage changes associated with the actively backpropagating 
action potential because the current peaks during the rising phase of the action potential. 
At proximal locations however, the peak Na+ current lags behind the action potential peak 
because its activation is driven by the action potential. 
Comparison of the model used in t~is chapter with that used by Liischer and 
Larkum ( 1998) reveals further differences between the two models. Ltischer and Larkum 
( 1998) used the morphology of a cultured motoneurone and a morphologically realistic 
axon hillock, initial segment and axon. It was not possible to reproduce the action 
potential waveform in this model with a realistic hillock and axonal morphology, therefore 
a simplified hillock was used. Modification of the axon diameter to 0.8µm to match that 
of Ltischer and Larkum did not result in significant changes in the action potential 
waveform and so the axon diameter was kept at 1.0µm. 
179 
~
 
0
0
 
0 

A 
40 
A 6z. AA A A A - A A > A A AA AA A A E ~,~ ... - A A A AA A A - A A A A A A 20 AA Q) 
AA A ,.110~~~0 A A ,,,. A C) [C) ~ - •• ,. A AA 61-cu :lo A oo ::t-AA A 
i ( ... A A ...... A ~ A 0 ~~~A f A > A '3/ 0 I AA A A Q R <> ~.t. A 
~ 0 o a fP A AA A 
cu =~~~ a.> ; A\ ~;,i a.. A • "o~ o o 0 0 
• • •o 
• 0 
cu 00 rt> 0 • • 
~-20 i •0 0 • 00 
C ag • • o • 
Q) I I • 0 .. 0 ...... i • ~ 200µm 0 ~ ad> • • 0 a.. 0 <>• 0 
* 
0 0 0 
• ~ • 0 0 c_40 0 ~ 0 • 
°• • o • . ~-0 • 
•<> 0 • 0 • 0 0 ...... <> • • <> rP o o , 0 • <> (.) 
• o • 
. o . o • o O oo o• 0 11o• 0 • ,I>. 0 0 <( • • • • .,. • • .. . ~ 0 • • • • • 
-60 
0 200 400 
Distance from Soma (µm) 
B 
40. 
A gNa= 9.0mS/cm 2 
- gNa= 2.8mS/cm 2 A A > A E \a • Passive Dendrite A 
-a> 20 A A ei 
A C) A 
A cu a A 
...... 
0 A 
0 • A 
> 0 A 0 • A ~ 
: A A 
A cu A Q) 0 
a.. • 0 
• 
~-20 i 0 • 0 C II 
Q) 0 
...... 
0 • 
a.. 0 
C-40 II 0 0 0 
• 
...... 
• 0 (.) 0 0 • 0 0 <( • • • • 
-60 
0 200 400 
Distance from Soma (µm) 
\ '3 2 
Figure 5.11. The action potential peak voltage versus distance from the soma for active 
dendrites containing the sodium channel of Mainen et al. ( 1995). The legend shows the 
different situations; passive dendrites (no active conductances), gN
2=2.8mS/cm 
2 
and 
2 
gN2=9.0mS/cm . The effect of this sodium channel is similar to that illustrated in figure 
+ 5.6. The Na channel increases action potential amplitude in the distal dendrites but has 
little effect on the action potential amplitude at proximal locations. This channel produces 
the same effects as the contrived channel at a lower conductance density. A: The 
dendritic action potential peak voltage in every dendrite of Cl-2101. B: The dendritic 
action potential peak voltage in the single dendrite of Cl-21 OJ marked in the inset in A. 
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Figure 5.12. The average sodium current density produced by the channel of Mainen et 
al. (1995) at 50 and 200µm with Na+ conductance densities of 3.0mS/cm2 and 9.0mS/cm2• 
The current density is greatest at 200µm with a conductance density of 9.0mS/cm2• With 
this high density, the action potential backpropagation became fully active at distances 
greater than about 80µm from the soma. The current densities are similar at 50 and 
200µm with a conductance density of 3.0mS/cm 2 while with a conductance density of 
9.0mS/cm2, the current density at 50µm is approximately 70% of that at 200µm. 
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Figure 5.13. The Na+ current densities produced by the model of Mainen et al. (1995) at 
50 and 200µm with a sodium conductance density of 9.0mS/cm2, compared with the 
action potential waveform at these locations. This figure uses only a single dendrite of 
Cl-2101 as marked in the inset of figure 5.JIA. At 50µm the Na+ current peaks after the 
action potential because the voltage changes associated with the action potential drive the 
activation of the Na+ conductance. At 200µm , the Na+ current precedes the action potential 
because the backpropagation is fully active and the action potential voltage is driven by the 
Na+ conductance. The early part of the rising phase of the actively backpropagating action 
+ potential activates the Na conductance. The action potentials are included in this figure so 
+ 
that the changes in membrane potential that occur during the Na current can be compared. 
+ This was done so that the driving potential for sodium and the extent of Na channel 
activation could be compared with the sodium current density. The reversal potential for 
sodium was always set to +50mV in this model. The peak of the action potential at 50µm 
is +27mV , making the driving potential for sodium 23mV at the peak of the action 
potential. Although a large proportion of the Na+ channels will have opened at the peak of 
the action potential , the driving potential is small so the current density is also small. At 
200µm from the soma, the action potential amplitude is larger because of active 
backpropagation. 
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Other important differences between the two models are the action potential 
waveform at the soma and the membrane capacitance. Larkum et al. ( 1996) show somatic 
action potentials recorded from cultured motoneurones as having a base-width of 
approximately 2ms and amplitude of approximately 70 to 80m V. In their model the base-
width of the action potential is at least 2ms and the amplitude of the somatic action 
potential is approximately 90 to 1 00m V; these action potentials are very different from the 
action potentials that were recorded in vivo in Chapter 4. Action potential base-width in 
the cells recorded here was 0.67+0.12ms and the action potential amplitude was 
74+7.9mV. This is related to the difference in temperature. Larkum et al. (1996) made 
recordings at 20°C, whereas the recordings described in Chapter 4 were made at 34°C. 
The action potential will be faster in recordings made at a higher temperature and the 
action potential attenuation will differ. In addition, dendritic active conductances will have 
different kinetics at a higher temperature and so their effect on the action potential will be 
different. Therefore, the results produced in cultured cells and in the model of Ltischer 
and Larkum ( 1998) do not necessarily reflect the properties of motoneurones in vivo. The 
faster time-course of the action potential will mean that the membrane capacitance will have 
a greater effect on the attenuation of the action potential during backpropagation. 
To test the effect of a lower capacitance on the action potential attenuation, the 
modelling was repeated with a capacitance of l.0µF/cm 
2
• Figure 5.14 shows the peak 
voltage of the action potential as a function of distance along the single dendrite of 
Cl-2101 as shown in the inset of figure 5.llA. Passive membrane properties were used 
for this model. The lower capacitance results in less attenuation of the action potential 
amplitude and short~r latencies for its initiation at the soma, but does not result in a very 
different rate of attenuation along the dendritic tree. Figure 5.14B shows the attenuated 
action potentials recorded at 50µm and 200µm from the soma with a capacitances of 1.7 
2 
and l .0µF/cm . There is relatively little difference in their amplitude or time-course when 
the capacitance is lowered to l.0µF/cm
2
• Therefore, the difference in the time-course and 
amplitude of the action potential as modelled in this chapter and in the results of Ltischer 
and Larkum (1998) is not caused by then use of different membrane capacitance. 
+ 
Ltischer and Larkum (1998) have shown that a Na conductance density as low as 
2 
3.0mS/cm results in active backpropagation of the dendritic action potential. They 
defined the threshold for active backpropagation of the action potential by using the phase 
plane loop of the current versus membrane potential. In the model presented here, 
backpropagation was defined by adjusting the conductance density until the action 
potential amplitude was maintained along the dendrites. Figure 5.15A shows the action 
potential peak voltage along the single dendrite of CJ-2101 illustrated in the inset of figure 
5.1 lA with the capacitance set to 1.7 µFl cm 2. Six situations of membrane properties were 
2 
considered; passive dendrites (no voltage-dependent conductances), gNa=3.0mS/cm , 
2 2 2 I 2 Th d. gNa=9.0mS/cm , gNa=l2.0mS/cm, gA=3.0mS/cm and gA=9.0mS cm. e so 1um 
channel used for this modelling was the contrived channel described in the Methods and 
the A-current was identical to that used previously. The threshold sodium conductance 
2 
density required to produce active action potential backpropagation was 9.7mS/cm . 
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Sodium conductance densities lower than this resulted in only small amplification of 
the action potential amplitude rather than active backpropagation. It can be seen in figure 
5.15A that active propagation does not occur until the dendritic action potential has 
propagated beyond about l00µm. This is due to the low driving potential for sodium 
during the action potential and the low input impedance at these proximal locations 
combined with the properties of the channel. Such a non-monotonic change in action 
potential amplitude as a function of dendritic location has been observed before in models 
such as those of Hoffman et al. (1997) and Migliore et al. (1999). The effect of the 
A-current on the action potential amplitude is not significantly different from that observed 
with a capacitance of 1.7µF/cm
2
• 
To determine how this threshold for active backpropagation would change if the cell 
2 
capacitance were l.0µFlcm as used by Ltischer and Larkum (1998), the procedure was 
repeated with a capacitance of l.0µF/cm
2
. The results of this modelling are shown in 
figure 5.15B. The result is similar to that in figure 5.15A except that the threshold Na + 
conductance density required for active backpropagation is 4.7mS/cm
2
• Once the sodium 
conductance density exceeds the critical value of 4.7mS/cm 2, there is active 
backpropagation of the action potential at distances greater than about 1 00µm from the 
soma. With a lower capacitance, active backpropagation is achieved with a sodium 
conductance density that is approximately half of that required when the capacitance is 
1.7 µFlem 
2
• This is to be expected, as the amount of capacitive charging current needed to 
achieve threshold is approximately halved. In figure 5.15B, a sodium conductance density 
of 3.0mS/cm 
2 
produced a few millivolts of amplification of the backpropagated action 
2 potential. This is greater than that seen when the capacitance is 1.7 µFlem and is due to a 
slightly larger action potential amplitude with the lower capacitance. 
Action Potential Attenuation and Dendritic Diameter 
The relationship between action potential attenuation and dendritic diameter is shown in 
figure 5.16. At 50µm (Fig 5.16A), there is no correlation between action potential 
amplitude and dendritic diameter (averaged between the soma and 50µm). The maximum 
difference in action potential amplitude between the passive and actively attenuating (IA) 
situations is no more than about 15mV. Thus, assuming similar voltage 
activation/inactivation ranges, kinetics, density and distribution of IA in motoneurones, then 
application of 4-AP to the bath solution would only increase action potential amplitude by 
at most 15mV at 50µm. For INa' the change in action potential amplitude is less than 5mV. 
Therefore, if dendritic sodium channels could be blocked while somatic and axonal 
channels were unaffected, the action potential amplitude would decrease by less than 5mV 
at 50µm. 
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Figure 5 .14. The effect of different capacitances on action potential attenuation under 
passive conditions. A: The action potential peak voltage with distance from the soma in a 
single dendrite of Cl-2101 shown in the inset of figure 5.1 JA. Decreasing the membrane 
capacitance to l.OµF/cm
2 
results in larger action potential amplitude but does not affect the 
rate of attenuation in the dendrites. The action potential amplitudes are simply scaled. B: 
The action potentials recorded at 50 and 200µm from the soma with different capacitance 
values. Changing the capacitance does not significantly change the action potential 
waveform at either site. 
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Figure 5.15. Action potential peak voltage versus distance from the soma for different 
membrane capacitance values and sodium and A-current conductance density. The results 
are taken from the single dendrite of Cl-2101 illustrated in the inset of figure 5.1 JA. A: 
The action potential peak voltage with distance from the soma for a membrane capacitance 
2 
of 1.7 µFlem . The sodium channel used for this figure was the contrived model and the 
A-current was exactly as described previously. The legend shows the different 
conductance densities used; passive dendritic membrane, gNa=3.0mS/cm2, gNa=9.0mS/cm2, 
2 2 2 
gNa=l2.0mS/cm , gA=3.0mS/cm and gA=9.0mS/cm . For this capacitance, the threshold 
+ Na conductance density necessary for active backpropagation was found to be 
2 
9.7mS/cm . Values of conductance density below this value resulted in amplification of 
the action potential while values above this resulted in active backpropagation of the action 
potential. The effect of the A-current in this figure is exactly as in figure 5.6B. B: The 
action potential peak voltage with distance from the soma for a membrane capacitance of 
l.OµF/cm
2
• The sodium channel used for this figure was the contrived one and the 
+ A-current was exactly as described previously. For this capacitance, the threshold Na 
2 
conductance density necessary for active backpropagation was found to be 4 .7mS/cm . 
Values of conductance density below this value resulted in amplification of the action 
potential while values above this resulted in active backpropagation of the action potential. 
This figure shows that with the capacitance set to the value used by Ltischer and Larkum 
+ (1998) the effect of dendritic Na conductances is the same but approximately half the 
conductance density is required to produce the same effect. The A-current still has its 
maximal effect in the proximal dendrites. 
195 
Figure 5.16A also shows that for any one particular diameter, the relative 
contribution of active conductances is the same. The differences in the amplitude of the 
action potential for dendrites of the same diameter (e.g. around 2µm) is related to the rate 
of taper of the dendrites under consideration, the number of branch points that the action 
potential passes through before it propagates to SOµm from the soma, the size of the 
branches at each branch point and the morphology beyond the SOµm point. A further 
examination of the effects of these morphological considerations has not been made here. 
At 200µm, the relationship between average dendritic diameter and action potential 
amplitude is more monotonic, with smaller average diameters giving smaller action 
potential amplitudes. Smaller diameter dendrites generally cause greater attenuation of 
action potential amplitude. Figure 5.16B shows a more monotonic relationship between 
dendritic diameter and action potential amplitude at this distance than the data in figure 
5.16A because of similar taper rates, numbers of branch points, branch diameters and 
dendritic morphology along the dendritic paths to locations 200µm from the soma. The 
maximal contribution of the A-current to action potential amplitude at this distance is about 
l lmV. Therefore, assuming similar channel properties, density and distribution of IA in 
motoneurones, blockade of IA would increase the action potential amplitude by up to 
+ 
l lmV at 200µm. For the Na channel, the maximal contribution to action potential 
amplitude is about 18m V . Therefore, for similar channel properties, density and 
distribution of INa in the motoneurone, up to 18mV decrease in action potential amplitude 
would be expected if only dendritic INa could be blocked. This applies to a non-actively 
backpropagating action potential. Larger changes in action potential amplitude would 
occur if the maximum sodium conductance were increased to ensure active 
backpropagation. 
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Figure 5.16. Action potential peak voltage at 50µm and 200µm versus the average 
dendritic diameter to those distances. These plots show the effect of active conductances 
on the action potential amplitude. The contrived Na+ channel was used for the modelling. 
A: The action potential peak voltage versus average dendritic diameter to 50µm. The 
average dendritic diameter was calculated from the dendritic diameter at lOµm intervals 
and at the junction of the dendrite with the soma (n=6). There is no obvious relationship 
between dendritic diameter and action potential amplitude and the variability of the action 
potential amplitude is large. The A-current has the largest influence on the proximal 
dendritic action potential amplitude. B: The action potential peak voltage versus average 
dendritic diameter to 200µm. The average dendritic diameter was calculated from the 
dendritic diameter at lOµm intervals including the junction of the dendrite with the soma 
(n=21). There is a monotonic relationship between dendritic action potential amplitude 
and dendritic diameter. The contrived Na+ channel has the greatest effect on the action 
potential amplitude at these distal locations. 
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Discussion: 
The Simulated Action Potential 
Simulation of the action potential waveform was a difficult procedure. The 
waveform of the action potential is highly dependent on the morphology of the cell, the 
properties of the ion channels involved in the production of the action potential and the 
distribution and density of these channels within the morphology. Many attempts were 
made to try to reproduce the recorded action potential using realistic ion channels, channel 
distribution, channel density and axonal morphology but none of these were particularly 
successful. Therefore a contrived set of ion channels was produced and a simplified 
axonal morphology was used. The important point in this study was to be able to 
reproduce the action potential waveform at the soma so that dendritic backpropagation 
could be studied. This was achieved with reasonable success as shown in figure 5.1. The 
slight differences between the recorded action potential and the simulated action potential 
will not cause significant differences in the results. 
Dendritic Ion Channels 
The dendritic ion channel models that were used in this study were not real ion 
channels from motoneurones. Safronov and Vogel (1995) have made a study of the 
voltage-dependent Na+ and K+ channels that occur in the somatic membrane of 
motoneurones. However, the data for these ion channels is incomplete. For this reason, it 
was necessary to use channels from other studies where the descriptions were complete. 
The sodium current used to produce the action potential was based on the channel 
described by Huguenard and McCormick (1992) , but with the inactivation rate increased 
by 40%. This channel produced currents with qualitatively similar amplitudes and time-
course to those described by Safronov and Vogel ( 1995). The fact that this channel 
reproduced the action potential waveform and the Na+ currents described previously in 
motoneurones indicated that it was appropriate for use in the dendritic membrane of the 
modelled motoneurone. Since this was a contrived channel, the sodium channel described 
by Mainen et al. ( 1995) was also placed in the dendritic membrane to determine if there 
was any difference between the results obtained with this sodium channel and the 
contrived channel. The amplification of the action potential in the dendrites was not 
greatly different with either channel except that a lower density of Mainen' s channel was 
required to produce the same effect as the contrived Na+ channel. 
The delayed rectifier that was used to repolarise the action potential was also a 
contrived channel with the activation rate increased by 40% to allow the action potential 
waveform to be reproduced. The action potential in a motoneurone is normally repolarised 
by a combination of potassium channels, including the A-current, delayed rectifier and 
Ca2+ dependent potassium conductance. The A-type potassium channel used in the 
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dendrites of this model was identical to that described by Huguenard and McCormick 
(1992). No data were available for the properties of the A-current in the motoneurone. 
Action Potential Attenuation Versus Distance from the Soma 
Examination of the attenuation of the action potential with distance from the soma 
with various combinations of active conductances present showed that IA has its greatest 
effect at the soma and proximal dendrites while the sodium channel has its greatest effect 
in the distal dendrites. The explanation for these effects is not simple. 
The influence of a dendritic voltage-dependent conductance on the action potential 
amplitude is related to the kinetics of the channel, its voltage activation/inactivation ranges, 
the density and distribution of the channel, the membrane potential changes that occur 
during an action potential and the input impedance of the dendrite at the site where the 
conductance is located. Therefore, there are too many variables to consider to be able to 
make an intuitive determination of the effect of dendritic conductances on the action 
potential amplitude. 
Examination of t~e current density produced by IA at proximal and distal locations 
reveals that the current density is greater in the proximal dendrites than it is in the distal 
dendrites. This is because of the large amplitude of the action potential in the proximal 
dendrites which activates a large proportion of the A-current. Furthermore, the driving 
potential for potassium is large during the large proximal action potential (,...., 120m V at the 
peak of the action potential) and so the current that flows through IA is large. It should 
also be noted that the input impedance in the proximal dendrites is lower than that in the 
distal dendrites. This would tend to diminish the effect of IA at the proximal location. The 
peak current produced by IA at proximal locations is 3.5 to 5 times that produced at distal 
locations. Therefore, although one may expect a larger influence of IA at distal locations 
because of the much higher input impedance, the current produced by IA at distal locations 
is too small to cause a significant effect on the action potential amplitude. This large 
difference in current amplitude is the main reason why the A-current has its greatest effect 
in the proximal dendrites. 
Examination of the current density produced by the contrived sodium channel 
showed that the current was generally larger in the distal dendrites than it was in the 
proximal dendrites for the larger conductance, while the reverse occurred for the smaller 
conductance. 
The explanation for these results lies in the peak amplitude of the action potential 
achieved with each conductance at each location, the amount of activation of the 
conductance, and the driving potential. With the large conductance, differences in driving 
potential determined the relative currents, while for the smaller conductance, differences in 
the degree of activation and differences in driving potential were both important. 
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The amplitude of the current and the accompanying action potential amplification at 
each location are also dependent on the local input impedance, which increases with more 
distal locations. Thus, similar sized conductance changes placed at a low and high input 
impedance location will have a greater effect at the higher input impedance location. Thus 
the effect of the sodium current on the peak amplitude of the action potential is greater at 
200µm than at 50µm. 
The channel of Mainen et al. (1995) produced similar results to the contrived 
sodium channel except that a lower conductance density was required to produce the same 
effect (compare figs . 5.6 and 5.11). The major effect of this channel was in the distal 
dendrites where it caused amplification of the dendritic action potential amplitude. The 
greater effectiveness of this version of the sodium conductance lies in its more rapid 
activation and slower inactivation. This results in larger currents generally, but particularly 
for the slower rising action potentials in the more distal locations. 
Comparison of the Model with that of Liischer and Larkum ( 1998) 
Various calculations were performed to determine what differences there would have 
been if the model used here were more like that described by Ltischer and Larkum ( 1998). 
One was to use the same sodium channel in the dendrites. This produced similar results 
to the contrived sodium channel developed in this Chapter and the reasons have been 
discussed above. 
The next calculation examined the action potential amplitude under passive 
conditions to see if the model would attenuate action potentials differently with the 
capacitance set at 1.0µF/cm
2 
as used by Ltischer and Larkum (1998). Reducing the 
2 
capacitance to l .OµFlcm resulted in larger action potential amplitude in all dendrites but 
did not significantly change the rate of attenuation that was observed. Therefore, changes 
in specific membrane capacitance do not greatly effect the results obtained with the passive 
model. 
A further calculation determined the dendritic action potential amplitude that would 
be observed with dendritic active conductances if the capacitance were reduced to 
1.0µF/cm2• Propagation was similar to that with the capacitance set at 1.7 µF/cm
2 
except 
that a lower sodium channel density was required to produce the same effect. The effect 
of the A-current was not significantly different to when the capacitance was 1.7 µFlem 
2
• 
Figure 5.15 shows that the dendritic location at which active backpropagation begins to 
occur is not significantly shifted by using a lower capacitance. Ltischer and Larkum 
? (1998) have found that a sodium channel density of 3.0mS/cm- produces amplification of 
2 
the action potential amplitude in the dendrites while a density as high as 12.0mS/cm 
results in active backpropagation as defined by a net' inward current. Figure 5.15A shows 
a similar result in this model although at a higher capacitance. However, the dendritic 
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amplification of the action potential is non-monotonic unlike the maJonty of action 
potential amplitudes shown by Ltischer and Larkum (1998). The sodium channel has no 
effect in the proximal dendrites and then begins to amplify the action potential once it 
propagates beyond about l00µm. As discussed above, this is related to the input 
impedance, sodium driving potential and properties of the channel. 
Action Potential Amplitude Versus Dendritic Diameter 
Examination of action potential attenuation with dendritic diameter shows that at 
short distances from the soma, there is no relation between dendritic diameter and action 
potential amplitude. This is because of variations in dendritic taper and branching. At 
distances further from the soma however (200µm), overall tapering and branching is 
similar in each dendrite so action potential amplitude is more closely related to the average 
dendritic diameter. This has implications for the experimental procedures used in this 
study. If recordings are made at locations close to the soma, then large variations in action 
potential amplitude can be expected to occur from cell to cell which are not caused by 
active conductances but rather, are due to variations in geometry. The experimental results 
presented in Chapter 4 are probably biased because large dendrites were easier to patch 
onto and therefore the diameter of the dendrites will be less variable than that shown in 
figure 5.16. This bias will result in action potentials that have a lower cell to cell variability 
than the variability observed for different dendrites in the model. 
Comparison of Modelled Results with Experimental Measurements 
The modelling presented in this chapter provides insights into the attenuation of the 
action potential that would be expected for different densities of dendritic active 
conductances. Chapter 4 showed that blockade of IA with 4-AP produced an increase in 
action potential amplitude of 4mV. This chapter has provided evidence that the 
conductance density of IA required to produce this attenuation of the action potential is in 
the range of 3.0 to 9.0mS/cm2• Such a density is reasonable considering that Bekkers 
(2000a, 2000b) has measured the conductance density in pyramidal cells of the neocortex 
to be 0.5 to 0.8mS/cm2 while Hoffman et al. (1997) found that A-current conductance 
density varied from about 6 to 40mS/cm 2 in hippocampal pyramidal neurones. 
Conclusions 
This modelling gave some insights into how the dendritically propagated action 
potential is attenuated as it moves from the soma of the motoneurone into the dendrites. 
Most of the passive attenuation of the dendritic action potential occurs within the first 
I00µm of the dendritic tree. This rapid attenuation is related to the rapid time-course of 
the action potential and the short membrane time constant of these cells 
("tm=l5.28+7.4lms). If one was to define the dendritic electrical length of the 
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motoneurone (A) using action potential amplitude as the measure, the distance at which the 
action potential dropped to lie of its somatic amplitude would be about 180µm from the 
soma. 
The modelling indicates that the contribution of active conductances to the 
attenuation or amplification of the action potential is generally less than about l0mV even 
with realistically high densities of ion channels. Only with densities greater than about 
10mS/cm
2 does the contribution of the sodium conductance to the action potential 
amplitude exceed l0mV, and the backpropagation of the action potential become a fully 
regenerative process. This means that action potential backpropagation is dominated by 
the passive properties of the dendritic membrane and that active conductances may 
contribute little to changes in action potential amplitude if their density is below the critical 
threshold for active backpropagation. Although active conductances do not appear to play 
a major role in modification of dendritic action potential amplitude in this study, they are 
still important for shaping the action potential waveform in the dendrites of motoneurones. 
This study has not examined the effect of active dendritic conductances on the time-course 
of the backpropagated action potential. These conductances will have a greater effect on 
the decay time-course than they do on peak amplitude. This could have important 
implications for synaptic integration and modification of synaptic efficacy through the 
interaction of backpropagated action potentials with postsynaptic potentials. 
The modelling performed in this chapter provides an important conceptual 
framework for understanding the contribution of active conductances to the amplitude of 
the dendritically propagated action potential. Action potentials in the proximal dendrites 
are fast and large and are driven by the kinetics of the Na+ current in the soma and axon 
hillock. Therefore, for voltage-dependent conductances to change the action potential 
amplitude at these proximal locations, their kinetics must be fast enough to turn on during 
the brief time-course of the action potential. In addition, the large amplitude of the action 
potential means that it is potentially able to activate channels in the proximal dendrites, but 
may also inactivate them if their inactivation is sufficiently fast during large 
depolarisations. The large amplitude of the action potential in the proximal dendrites is 
also important because it shifts the driving potentials of the various ions. Therefore, 
although the action potential may activate all the voltage-dependent Na+ channels in the 
proximal dendrites, little current may flow through them because of the reduced driving 
potential for sodium. For K+ channels, the situation is reversed. The action potential 
+ 
increases the driving potential for potassium. Therefore, even if relatively few K channels 
are open during the peak of the action potential, the current that flows through them will be 
large because of the large driving potential. 
A further complication, as discussed earlier, i's the input impedance at an individual 
point on a neurone' s dendritic tree. The input impedance varies with dendritic location, 
204 
and for any given location it depends on the time-course of the backpropagated action 
potential at that location. This is because impedance is frequency dependent and the 
waveform of the action potential changes as it propagates into the dendritic tree. If the 
conductance increase associated with activation of a voltage-dependent conductance by the 
backpropagating action potential is large compared with the input impedance, that region 
of the dendrite will tend to be clamped near the equilibrium potential for that conductance. 
If the conductance change is small in comparison with the input impedance, it will tend to 
act as a current source and the input impedance will be the major determinant of the local 
response. This aspect of dendritic responses has not been investigated systematically, but 
it appears that responses in the distal dendrites for the conductance increases that do not 
lead to fully active backpropagation are intermediate to the extremes of voltage source and 
current source activation. 
Once the action potential has reached the distal dendrites, its time-course is slowed 
and it has significantly reduced amplitude. Therefore, for voltage-dependent conductances 
to contribute to action potential amplitude in this part of the dendritic tree their kinetics 
may be slower and they must activate with smaller depolarisations. The overall effect of 
dendritic voltage-dependent conductances on the backpropagated action potential will 
depend on the combination of voltage activation/inactivation ranges, kinetics, distribution 
and density of these channels, membrane potential changes that occur during the action 
potential and the input impedance at the site where the conductances are activated. In the 
modelling performed in this chapter and in real neurones, IA activates much more slowly 
than INa· In addition, INa is activated at more depolarised potentials than IA. The data 
shown here suggests that IA has its largest contribution to action potential amplitude in the 
proximal dendrites, while the largest contribution of INa occurs in the distal dendrites. 
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Chapter Six 
General Discussion 
This thesis examined the passive properties of rat motoneurones , the action potential 
attenuation that occurs in the dendrites of these cells and the ionic conductances that 
contribute to this attenuation. 
Chapter 3 provided information about the passive properties of motoneurones. It was 
found that the somatic response of these cells to small voltage deviations near the resting 
potential was linear. Fitting of small current pulse voltage transients with a computer 
model allowed the determination of the passive membrane properties. For four cells, the 
residuals between the experimental and fitted response suggested that homogeneous 
membrane properties could more accurately describe the subthreshold responses of these 
2 2 
cells. These cells had Rm =5.34±0.91KQ.cm, Cm =2.35±0.47µF/cm and 
Ri=86.50+21.83Q.cm. Models with these membrane properties matched the cells ' 
experimentally measured membrane time constant and input resistance with high accuracy. 
The average "tm of these models was 12.48+2.90ms and the average input resistance was 
84.00+ 18.96MQ. The passive membrane properties were used to calculate the average 
electrotonic length of the dendrites to their terminations and the value obtained was 
0.78+0.27A. This estimate included dendrites that were removed during the slicing 
procedure. Calculation of the average electrotonic length without inclusion of cut dendrites 
gave a value of 0.85+0.14A. Overall, these results suggest that the passive description of 
the motoneurone provided here is not greatly different to that provided previously for the 
cat for DC signals (Fleshman et al. 1988, Clements & Redman 1989, Ulrich et al. 1994). 
However, the higher value of capacitance reported here indicates that rapid voltage signals 
will be attenuated more heavily than was previously thought for these cells. 
In Chapter 4, experiments were performed which explored the contribution of the 
A-type potassium conductance to action potential attenuation in the dendrites of 
motoneurones. This involved the use of dendritic recordings to explore action potential 
attenuation in their dendrites. It was unfortunate that dendritic electrodes could not be 
placed further from the soma than about 50µm. The average distance at which recordings 
could be made was 37+8µm. The average action potential attenuation at this distance was 
10.7+6.2%. This is an average of 8. lmV of attenuation for a 74mV action potential at the 
soma. Action potentials were always found to peak at the soma first followed by the 
dendrite indicating that the site of action potential generation is close to the soma. The 
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average temporal separation between the action potential peaks was 54.4+45.6µs for an 
electrode separation of 37+8µm giving a conduction velocity of 0.68m/s. Blockade of the 
A-current produced a 4m V increase in the amplitude of the action potential indicating that 
the A-current contributes to the action potential amplitude at the soma. Measurement of the 
attenuation using soma-dendritic recordings did not reveal any differences in the amount of 
attenuation that occurred under control conditions and A-current blockade. An attempt was 
made to determine if blocking the dendritic A-current intracellularly could reveal a 
difference in the channel density between the soma and dendrites. However, because the 
A-current blocker 4-AP does not cross the membrane quickly enough, this experiment was 
not successful. 
Chapter 5 describes a theoretical investigation of the effect of dendritic voltage-
dependent conductances on the action potential amplitude in the dendrites. It was possible 
to reproduce the recorded action potential waveform in the model by using contrived 
conductances and a simplified axonal morphology. This also produced a voltage-dependent 
Na+ channel that mimicked the amplitude and time-course of currents recorded in rat 
motoneurones by Safronov and Vogel (1995). Modelling of the influence of dendritic Na+ 
and A-currents on action potential amplitude revealed that Na+ currents contribute most to 
action potential amplitude in the distal dendrites, while A-currents had their largest effect at 
proximal locations. Only homogeneous distributions of these currents were considered. 
+ Examination of the Na and A-currents at proximal and distal locations revealed that 
their contribution to the action potential amplitude was determined by the density of the 
channels, their properties, the membrane potential that occurs during a backpropagated 
action potential and also by the input impedance at the dendritic site. A comparison was 
made between the results from this model and those obtained by Ltischer and Larkum 
( 1998) for another model of backpropagation of the action potential in a dendrite of a 
cultured motoneurone. This model differed in that it used a membrane capacitance of 
1.0µF/cm
2 
and had a different representation of the sodium channel. When the model was 
retested with this sodium channel, the results were not different except that a lower 
conductance density was required to produce the same action potential amplification. 
When a lower capacitance was used, the action potential attenuation under passive 
conditions did not change. With the lower capacitance, a lower Na+ channel density was 
required to produce the same action potential amplification as in the model with higher 
capacitance. 
Examination of action potential amplitude in relation to diameter showed that at 
locations close to where the recordings of Chapter 4 were made, the action potential 
amplitude was not related to dendritic diameter. Overall, the modelling suggests that the 
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A-current density required to produce the 4mV of attenuation measured in Chapter 4 is 
2 
somewhere between 3.0 and 9.0mS/cm . 
Improvements to the Techniques Used 
The experiments and modelling presented in this thesis have some obvious 
limitations and caveats. This is to be expected when applying new techniques to a new 
preparation. If this work was to be repeated there are several improvements that could be 
made to the techniques that have been used. These are discussed here briefly. 
Passive Properties 
There are several problems associated with the determination of passive properties 
that was performed in Chapter 3. A major problem is that the electrode capacitance affects 
the shape of the injected current transient and distorts the recorded voltage. This could be 
improved by using Sylgard coated electrodes and lowering the bath level to reduce the 
capacitance. In dendritic recordings, it was necessary to reduce the bath level to be able to 
compensate the capacitance but not for somatic electrodes. Since Chapter 3 was performed 
only with somatic electrodes, and no dendritic electrode experiments had been performed at 
that time, the bath level was not dropped. Therefore a significant electrode capacitance was 
present during the recordings. This distorted the waveform of the injected current and the 
recorded voltage, making the early part of the voltage recording unusable. This part of the 
transient is most important for determining the passive properties of the cell, ·particularly Ri. 
Therefore, recordings in which the electrode capacitance is reduced will be able to use a 
larger part of the voltage transient for the fitting procedure and will produce better 
estimates of the membrane properties. 
A better determination of the passive membrane properties could be made by placing 
electrodes on the dendritic tree. Multiple electrodes, at various locations on the 
morphology of the cell, would allow a much more accurate determination of the passive 
properties of the distal dendrites using transfer impedance measurements. Somatic 
measurements are dominated by the passive properties of the soma and proximal dendrites 
and are relatively insensitive to the membrane properties of the distal dendrites. It was 
suggested in Chapter 3 that the membrane properties of some cells may be inhomogeneous. 
If this is the case, then multiple electrode recordings may be able to better determine the 
sort of membrane inhomogeneity that occurs. In Chapter 3, a somato-dendritic recording 
was used as the target response for the fitting procedure. However, not enough experiments 
of this kind were performed to be able to comment on membrane inhomogeneities. 
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The fitting procedure may also be improved by applying various types of stimuli to 
the cell, not just a current pulse. Clements and Redman (1989) applied both brief current 
pulse and steady-state voltage clamp commands to their cells and used the responses to 
both stimuli as the target transients for the fitting procedure. This has the advantage that 
the steady-state voltage clamp affects the membrane potential at a greater distance from the 
soma than the brief current pulse and therefore samples a larger area of membrane. 
Visualisation 
The most important factor for improving the quality of the experiments would be to 
improve the visibility of the dendrites. In this study, dendrites were visualised with infra-
red differential interference contrast (IRDIC) optics. This is a considerable improvement 
on methods of visualisation that have been used in the past but it still has its limitations. 
One way in which the dendrites could be more easily visualised would be by using 
fluorescence. This could be achieved by filling somatic electrodes with a solution 
containing fluorescent dye. The tissue would then be visualised under epifluorescence 
optics. The electrode solution would be allowed to diffuse into the cell through the somatic 
electrode and fill the dendrites. Once the dendrites could be clearly visualised, it may be 
possible to attach an electrode to them more easily. This would require visualisation of the 
dendritic electrode under fluorescence optics and so it would have to be filled with 
fluorescent dye as well to allow its outline to be viewed while it was attached to the 
dendrite. If this technique were successful, it may be possible to extend the distance over 
which dendritic recordings could be made from the soma. 
Another method that may improve the visibility of dendrites would be to improve the 
slicing technique. Bingmann et al. (2000) have developed a method of cutting brain tissue 
using a high-pressure saline jet (macromingotome). This method has the advantage that the 
cutting is much cleaner than when it is done with a blade. Using this technique, Bingmann 
et al. (2000) have reported that living cells are visible within l0µm of the surface of the 
slice. If this technique was used to slice the spinal cord, it may produce slices in which 
dendrites are more visible because the dendrites would lie closer to the surf ace of the slice 
where the optics produce the best images. 
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A-currents 
Chapter 4 provided insights into the effects of the A-current on the attenuation of 
the action potential. To improve on this work it will be necessary to record further from the 
soma. Techniques for doing this have already been discussed. 
The experiment which used intradendritic 4-AP to determine if there was a different 
density of A-current in soma and dendrites could be improved. This would require the use 
of a drug that blocks the A-current from the inner face of the membrane. It would be best if 
this was a large molecule, such as a protein toxin, as this would slow the diffusion of the 
substance to the soma. This would allow dendritic A-currents to be blocked before the 
somatic A-currents are blocked, allowing their effect on the dendritic action potential to be 
determined. 
If dendritic recordings could be made further from the soma, it may be possible to 
apply 4-AP to a local region of the dendritic tree without affecting the somatic channels. 
This could also provide a method for testing the effect of dendritic A-currents on the 
backpropagated action potential. 
Modelling of Active Conductances 
The modelling performed in Chapter 5 makes many assumptions and 
simplifications about the density, distribution and properties of the ionic channels that are 
present in the dendritic membrane of motoneurones. 
To improve this work it would be necessary to determine the properties of the ionic 
channels that are present in motoneurones. Safronov and Vogel (1995) have made a study 
+ + . 
. 
of Na and K channels 1n the somata of rat motoneurones but these data are incomplete. A 
full determination of the voltage-dependent ionic currents in the motoneurone would allow 
a more accurate description of action potential backpropagation in these cells. 
The modelling could also be improved by using more realistic axon and hillock 
morphology and a realistic mixture of ion channels to reproduce the action potential. This 
would give a more realistic voltage and current distribution over the membrane surface of 
the neurone and would produce results that more adequately match the properties of the real 
motoneurone. 
Further Work 
If further time was available to continue the research presented here, then several 
investigations could be performed that would significantly contribute to the understanding 
of the processes involved in active backpropagation. 
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As an extension to the work already performed, it would be good to be able to 
determine the Na+ and K+ channel densities in the dendritic membrane as has already been 
performed for many other cells types (e.g. Stuart & Hausser 1994, Stuart & Sakmann 1994, 
Hauss er et al. 1995 , Hoffman et al. 1997, Magee 1998, Bekkers 2000b, Korngreen & 
Sakmann 2000, Williams & Stuart 2000b). This requires making cell-attached patches on 
the dendrites of cells at different distances from the soma and measuring the current density 
of these channels in relation to the distance along the dendritic tree. A further test would be 
to measure the current that flows through these channels during backpropagation to see if 
these channels are activated by backpropagating action potentials. These measurements 
would also give data on the distribution and density of these ion channels within the 
dendrites. This would allow realistic distributions and densities to be used in the model and 
allow more realistic modelling. In addition, a determination of the ion channels involved in 
action potential generation, their distribution and density would also allow a more accurate 
reproduction of the action potential waveform and the ionic conductances that produce it. 
Another experiment that could be performed would be to test the reciprocity of large 
signals in the dendrites. This was performed with small signals in Chapter 3, however 
these small signals are not likely to reveal any break down in the reciprocity of signal 
transfer that occurs between two points on the dendritic tree of a neurone because they are 
too small to activate a significant proportion of the dendritic voltage-dependent 
conductances . Therefore, a test of reciprocity could be performed in which large voltage 
signals were used. 
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Appendix One 
The Biocytin/Neurobiotin Glycerol Whole Mount Technique 
Processing can be done in multi-well plates or in ice cube trays or other similar trays 
with small wells. A. shaker running at low speed may be useful for the procedure. Slices 
should be handled with a fine paintbrush. In this way, minimal transfer of solutions will 
occur between the wells. The brush should be free of loose hairs and you should avoid 
pressing too hard on the slices, particularly with the end of the brush. Slices are best lifted 
by creating turbulence in the well, so that the slice is floating free and then placing the 
paint brush underneath it, lifting it free of the liquid. The brush should also be washed with 
distilled water between steps. Alternatively, a small sucker can be used if minimal solution 
is transferred in each step. As little as 0.SmL or less of solution may be used in each well 
for each step of the process. 
Materials required: 
0.1 M phosphate buffered saline (PBS) 
0.1 M PBS containing 4% sucrose by weight 
Tween 20 buffer: 0. lM PBS/ 4% sucrose with 0.1 % by volume of Tween 20 
(lµL per mL of polyoxyethylene sorbitan monolaurate). 
70% Ethanol 
100% Glycerol 
50% Glycerol in water 
Diaminobenzidine or similar chromophore. 
Hydrogen peroxide 
Cobalt or nickel chloride 
Vectastain ABC kit or other kit suitable for staining biocytin/neurobiotin filled cells. 
Once the slices are processed, they are placed on a 13 millimetre diameter round coversli p 
with a drop of glycerol and observed under a dissecting microscope. The slice is then 
oriented so that the stained cell is facing downwards on the coverslip. A little more 
glycerol is then dropped on top of the slice. Now, using a microscope slide with a concave 
depression (e.g. Sail Brand single concave microscope slides), touch the bottom of the 
concave depression in the slide onto the glycerol drop on the coverslip. Surface tension 
will draw up the coverslip and the slice onto the slide. If too much glycerol was used then 
the excess can be wiped away carefully with a tissue. If too little glycerol was used, then 
air bubbles may form under the coverslip. If this process is successful, the slice should 
now be neatly mounted just under the coverslip, and therefore accessible to high power 
lenses. The coverslip will be held into the depression on the slide by the glycerol. Seal the 
edges of the coverslip to the slide with two coats of nail polish and label the slide. 
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Solutions and times for slice processing: 
1. 4% paraformaldehyde / 0. lM PBS / 4% sucrose 
Slices will last for 1 to 2 years in this solution 
At least 2 hours 
2. 0. lM PBS / 4% sucrose Overnight 
3. 70% Ethanol 30 minutes 
4. Rinse slice twice in 0. lM PBS / 4% sucrose 5 minutes x2 
5. Tween 20 buffer plus ABC 48 hours 
(Vectastain ABC kit: l0µL of "A" and l0µL of "B" per mL) 
6. Rinse slice twice in Tween 20 buffer 10 minutes x2 
7. Preincubate slices in 0.05% Diaminobenzidine in 
0. lM PBS / 4%sucrose plus 0.02% Cobalt chloride 
(0.5mg DAB/mL, 0.2mg CoC12/mL) 
in the dark and in the fridge 
8. React with 0.003% Hydrogen peroxide in PBS (no sucrose) 
(lµL of 30% H20 2 per l0mL) until desired staining 
is achieved 
9. Rinse twice in PBS (no sucrose) 
10. Clear with 50% Glycerol until slice sinks 
11. Clear with 100% Glycerol 
Most of the unwanted stain will disappear during this step 
and the slice will become very transparent. 
12. Mount in 100% Glycerol as described above 
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2 hours 
1 - 3 minutes 
10 minutes x2 
1 - 3 hours 
At least 30 minutes 
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